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Abstract

This report summarizes work performed from January to December 2004 by Argonne National
Laboratory on fatigue and environmentally assisted cracking (EAC) in light water reactors (LWRs).
Topics that have been investigated include: (a) environmental effects on fatigue crack initiation in carbon
and low-alloy steels and austenitic stainless steels (SSs), (b) irradiation—assisted stress corrosion cracking
(IASCC) of austenitic SSs in boiling water reactors (BWRs), (c) causes and mechanisms of irradiation-
assisted cracking of austenitic SS in pressurized water reactors (PWRs), and (d) cracking in Ni alloys and
welds.

The existing fatigue strain vs. life data are used to establish the effects of various material and
loading parameters, such as steel type, material heat treatment, strain range, strain rate, temperature,
dissolved—oxygen (DO) level in water, and flow rate, on the fatigue lives of the steels. Statistical models
are presented for estimating the fatigue curves as a function of material, loading, and environmental
parameters. Methods are described for incorporating environmental effects into the fatigue evaluations of
the American Society of Mechanical Engineers (ASME) Code.

The susceptibility of austenitic SSs and their welds to IASCC as a function of the fluence level,
water chemistry, material chemistry, and fabrication history is being evaluated. The slow strain rate
tensile test results obtained in the present study on steels irradiated to =~0.45, 1.35, and 3.0 dpa are
compared with data available in the literature. The bulk S content provided the only good correlation
with the susceptibility to IGSCC in 289°C water. A two-dimensional map of bulk S and C contents is
presented to show the range in which austenitic SSs are either susceptible or resistant to IASCC. Based
on the results of this study, an IASCC model has been proposed.

Crack growth rate (CGR) data are presented on Types 304L and 304 SS weld specimens from the
heat affected zone (HAZ) before and after they were irradiated to a fluence of ~0.75 dpa. Tests were
conducted under cyclic loading and long hold-time trapezoidal loading in simulated BWR environments
on Type 304L SS HAZ of the H5 weld from the Grand Gulf reactor core shroud and on Type 304 SS
HAZ of a laboratory—prepared weld. The effects of material composition, irradiation, and water
chemistry on growth rates are discussed.

Crack growth rate data, obtained in PWR environment, are also presented for Alloy 600 removed
from the control rod drive mechanism (CRDM) nozzle #3 from the Davis—Besse reactor and Alloys 182
and 82 from the nozzle-to—pipe weld of the V. C. Summer reactor. The experimental CGRs under cyclic
and constant load are compared with the existing CGR data for Alloy 600 to determine the relative
susceptibility of these alloys to EAC. A detailed characterization of the material microstructure, tensile
properties, and fracture morphology is given.






Foreword

For more than 34 years, Argonne National Laboratory (ANL) has served the U.S. Nuclear Regulatory
Commission (NRC), Office of Nuclear Regulatory Research (RES), as a prime contractor for studies
of the environmental degradation of structural materials in light-water reactor environments. As Volume 35
in the NUREG/CR-4667 series, this document represents the annual report of ANL program studies
for Calendar Year 2004. The program is divided into four tasks:

. Task 1 focuses on the environmental degradation of fatigue life of pressure boundary materials.

. Task 2 addresses irradiation-assisted stress corrosion cracking (IASCC) of stainless steels
in boiling-water reactor (BWR) environments, while the parallel program in Task 3 addresses
IASCC of stainless steels in pressurized-water reactor (PWR) environments.

. Task 4, the study of crack growth rates in nickel-base alloys typically used in vessel penetrations,
is currently focused on testing Alloy 600 and its associated weld metals, Alloys 82 and 182.

Studies of the degradation of fatigue life of pressure boundary materials was concluded this year,

with the final emphasis on the evaluation of surface roughness of stainless, carbon, and low-alloy steels
on their fatigue life in high-temperature air and simulated reactor coolants. The activity in the future
will consist of finalizing the equations describing the proposed design curves, developing appropriate
mathematical expressions of the environmental correction factors for each material and environment
combination, and presenting these conclusions to the stakeholders. The equations for the design curves
are presented and justified in this annual report.

The evaluation of the effects of irradiation on mechanical properties, stress corrosion cracking,

and fracture toughness of stainless steels and nickel-base alloys used in reactor core internal structures
is an important aspect of the ANL program. Crack growth rate testing of Type 304 and Type 304L
stainless steel heat-affected zones continued to establish the threshold for IASCC as functions of materials
composition, water chemistry, and irradiation damage. Future stress corrosion cracking tests will be
conducted in simulated PWR coolant chemistry on stainless steels with greater irradiation damage,

and the IASCC tests will be augmented by microstructural characterization of such materials, to assess
the effects of radiation-induced segregation of the alloy constituents.

Evaluation of the stress corrosion crack growth resistance of nickel-base alloys continued during this period,
and will continue for the foreseeable future. Emphasis in this area is shifting toward the testing

of specimens taken from discarded or replaced reactor components, to assist in root cause analysis,
and to assess any effects of aging under normal operating reactor conditions. In future years, the stress
corrosion crack studies of nickel-base alloys will begin to focus more on Alloy 690 and its associated
weld metal, Alloy 152, including cold-worked and heat-affected zone forms of the wrought material.

Brian W. Sheron, Director
Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
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Executive Summary

The fatigue lives of carbon and low-alloy steels and austenitic SSs are decreased in LWR
environments; the magnitude of the reduction depends on temperature, strain rate, DO level in water, and,
for carbon and low-alloy steels, S content in steel. The threshold values of the critical parameters and the
effects of other parameters, e.g., water conductivity, water flow rate, and material heat treatment, on the
fatigue life of the steels are summarized. Statistical models are presented for estimating the fatigue life of
carbon and low-alloy steels and wrought and cast austenitic SSs as a function of material, loading, and
environmental parameters. Two approaches are presented for incorporating the effects of LWR
environments into ASME Section 111 fatigue evaluations.

Data available in the literature have been reviewed to evaluate the conservatism in the existing
ASME Code fatigue evaluations. Much of the conservatism in these evaluations arises from current
design procedures, e.g., stress analysis rules and cycle counting. However, alternative approaches, such
as finite—element analyses, fatigue monitoring, and improved K factors, can significantly decrease the
conservatism in the current fatigue evaluation procedures. Another possible source of conservatism is in
the set of margins that are used to adjust the mean strain vs. life curves for laboratory test specimens to
obtain fatigue design curves for actual components. Data available in the literature have been reviewed to
evaluate the margins on cycles and stress that are needed to account for the differences and uncertainties
between actual components and laboratory test specimens. The results indicate that the current ASME
Code requirements of a factor of 2 on stress and 20 on cycle are quite reasonable, and do not contain
excess conservatism that can be assumed to account for the effects of LWR environments.

The susceptibility of austenitic SSs and their welds to IASCC as a function of the fluence level,
water chemistry, material chemistry, and fabrication history is being evaluated. Crack growth rate (CGR)
tests and slow strain rate tests (SSRTs) have been conducted on various austenitic SSs irradiated at
~288°C in a helium environment in the Halden boiling heavy water reactor. During the present reporting
period, the results obtained in the present study on steels irradiated to ~0.45, 1.35, and 3.0 dpa were
compared with data available in the literature. The bulk S content provided the only good correlation
with the susceptibility to IGSCC in 289°C water. Good resistance to IASCC was observed in Type 304
and 316 steels that contain sulfur concentrations of ~0.002 wt.% or less. The IASCC susceptibility of
Type 304, 304L, 316, and 316L steels that contain >0.003 wt.% S increased drastically. Also, at
sufficiently low concentrations of S, a high concentration of C is beneficial. A two-dimensional map was
developed in which susceptibility or resistance to IASCC is shown as a function of bulk concentrations of
Sand C. The map is helpful to predict relative IASCC susceptibility of Types 304 and 316 SS.

Based on the results of this study, an IASCC model has been developed. The model is based on
several key steps known or postulated to occur at the grain boundary containing the crack tip, i.e., grain-
boundary segregation of Ni and S, preferential oxidation of Cr and Fe atoms over Ni atoms by oxygen
that diffuses along the grain boundary, formation of a Cr-Fe spinel oxide ahead of the crack tip, formation
of Ni- and S-rich thin films and islands at the metal/spinel boundary, and melting or amorphization of the
Ni-and S-rich thin films and islands.

Crack growth rate tests have been conducted in BWR environments on austenitic SS weld HAZ
specimens that were irradiated to ~0.75 dpa at =288°C in a helium environment in the Halden boiling
heavy water reactor. The specimens were obtained from Type 304L SS HAZ of the H5 submerged arc
(SA) weld of the Grand Gulf (GG) Reactor core shroud and Type 304 SS HAZ of a laboratory—prepared
shielded metal arc (SMA) weld. In normal water chemistry (NWC) BWR environment at 289°C, the
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cyclic CGRs of nonirradiated material of either the laboratory—prepared Type 304 or the GG Type 304L
weld HAZ in the as—welded or thermally—treated condition are comparable. For both the GG SA weld
HAZ and the laboratory—prepared SMA weld HAZ, irradiation to =0.75dpa increased the CGRs
marginally.

The SCC growth rates are somewhat different from the growth rates under fatigue loading. For
nonirradiated GG Type 304L weld HAZ, the CGRs of as—welded and as—welded plus thermally—treated
material are comparable. For both conditions, the CGRs are a factor of =2 lower than the NUREG-0313
curve for sensitized SSs in water with 8 ppm DO. The SCC growth rates for Type 304 SS SMA weld
HAZ were not obtained. Irradiation to 5.0 x 1020 n/cm?2 (=0.75 dpa) increased the growth rates of all SS
weld HAZ materials. The CGRs of irradiated HAZ specimens are a factor of 2-5 higher than those
predicted by the NUREG-0313 disposition curve for sensitized SSs in high-DO water. Reducing the
corrosion potential of the environment on growth rates had a beneficial effect for all materials that were
tested in the BWR environment.

A comprehensive irradiation experiment in the BOR-60 Reactor is under way to obtain a large
number of tensile and disk specimens irradiated under PWR-like conditions at ~325°C to 5, 10, 20, and
40 dpa. Irradiation to =5, 10, and 20 dpa has been completed. A total of 48 tensile-specimens irradiated
to =5 and 10 dpa and 166 transmission electron microscopy (TEM) disk specimens irradiated to =5, 10,
and 20 dpa, have been received and are available for testing.

The available data on void swelling and density change of austenitic SSs was critically reviewed.
Irradiation conditions, test procedures, and microstructural characteristics were carefully examined, and
key factors that are important to determine the relevance of the database to PWR conditions were
evaluated. Based on the information, swelling in thin-walled tubes and baffle bolts in a PWR is not
considered a concern. Also, it is considered unlikely that void swelling in a reentrant corner will exceed
the threshold level of ~4% beyond which the swelling rate reaches the steady state rate of 1%/dpa.

The resistance of Ni alloys to EAC in simulated LWR environments is being evaluated. During the
current reporting period, CGR tests were completed in the PWR environment on Alloy 600 from the
Davis-Besse CRDM nozzle #3, and Alloys 82 and 182 from the V. C. Summer nozzle-to—pipe weld.
The results are compared with the existing CGR data for Ni-alloys and welds to determine the relative
susceptibility of these materials to environmentally enhanced cracking under a variety of loading
conditions. The tensile properties, microstructure, and fracture morphology of the nozzle material have
also been characterized.

The cyclic CGRs of the Davis Besse CRDM nozzle alloy show significant environmental
enhancement of growth rates. The cyclic CGRs in PWR water at 316°C may be represented by the curve
obtained for Alloy 600 in the NWC BWR environment at 289°C. Under constant load, the CGRs of the
nozzle alloy are a factor of 4-8 higher than the median curve for Alloy 600. The growth rates correspond
to =95 percentile of the various data sets used in developing the median curve, i.e., the nozzle material
exhibits very high susceptibility to SCC.

The fatigue CGRs of both Alloy 82 weld and Alloy 182 butter from the V. C. Summer weld spool
piece are significantly lower than those typically observed for these alloys in air. The SCC growth rates
of the two alloys are also lower than the proposed CGR curve for nickel-alloy welds. The relative
susceptibility of the two alloys, e.g., Alloy 82 weld and Alloy 182 butter, to SCC cannot be determined
accurately because they were tested in different orientations.
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1 Introduction

Since 1967, the Nuclear Regulatory Commission (NRC) and its predecessor the Atomic Energy
Commission have conducted research programs that address aging of reactor components. The results of
this research have been used to evaluate and establish regulatory guidelines to ensure acceptable levels of
reliability for light water reactor (LWR) components. The products of this program, i.e., technical
reports, methodologies for evaluating licensee submittals, and other inputs to the regulatory process, have
led to the resolution of regulatory issues, as well as the development, validation, and improvement of
regulations and regulatory guides. The research on the effects of the environment on component cracking
was initiated in response to the determination that environmental effects were critical to several important
cracking phenomena in LWR components. A major research program at Argonne National Laboratory
(ANL) was initiated in 1979 to address pipe—cracking problems in boiling water reactors (BWRs). Since
that time, in response to needs for additional research to support the Office of Nuclear Reactor Regulation
(NRR) in assessing cracking problems in aging reactors, the focus of the project has shifted to address
other problems in environmental cracking of LWR components. In recent years this activity has been
supplemented by NRC participation in the Cooperative Irradiation Assisted Stress Corrosion Cracking
Research (CIR) Program, a proprietary activity in which groups in several countries contribute money
that is used to support research on irradiation—assisted stress corrosion cracking (IASCC) problems of
common interest.

This project consists of several tasks with differing objectives, so the objectives are best described
on a task-by-task basis:

Task 1: Environmental Effects on Fatigue Crack Initiation.

The objective of this task is to provide information on the effects of LWR coolant environments
on fatigue crack initiation in carbon and low-alloy steels and austenitic stainless steels (SSs) and
to develop procedures for incorporating environmental effects into the ASME Code fatigue
evaluations. The contractor will review and evaluate issues related to environmental effects on
fatigue as required by the NRC, and participate in American Society of Mechanical Engineers
(ASME) Code committees to incorporate the effects of LWR environments in fatigue life
analyses.

Task 2: Evaluation of the Causes and Mechanisms of IASCC in BWRs.

The objectives of this task are to (a) investigate the effects of material chemistry and irradiation
level on the susceptibility of SSs to IASCC, (b) develop technical information needed to assure
that selected inspection intervals are adequate to assure structural integrity, and (c) verify the
effectiveness of industry—proposed mitigative measures. This task will evaluate the susceptibility
of austenitic SSs and their welds to IASCC as a function of fluence level, water chemistry,
material chemistry, welding process, and fabrication history. It will provide data and technical
support required for determination of inspection intervals, to help NRC address various issues
that arise in license renewal or other licensee submittals. Crack growth rate (CGR) tests and slow
strain rate tests (SSRTs) have been completed on model SSs irradiated up to 2.0 x 1021 n/cm?2
(E >1 MeV) (=3.0 dpa) during Halden Phase-I experiment (carried out under NRC FIN W6610).
Crack growth tests are currently being conducted on submerged arc (SA) and shielded metal arc
(SMA) welds of Types 304L and 304 SS irradiated up to 1.2 x 1021 n/cm2 during Halden Phase 11
experiment. Also, SSRTs tests are being carried out on grain—boundary—optimized (GBO) model



Task 3:

Task 4:

SS alloys to study the effect of grain boundary geometry on IASCC and investigate the prospect
of using grain boundary optimization as a mitigative measure. Models and codes developed
under CIR and from industry sources will be benchmarked and used in conjunction with this
work.

Industry—developed crack growth models will be analyzed and assessed. Also, the effectiveness
of mitigative water chemistry measures, e.g., hydrogen water chemistry, will be assessed. Much
of this assessment will depend on data provided by industry, data available in the literature, and
data developed as part of this task. However, for CGR models for irradiated materials, it is
anticipated that relatively few data will be available because of the expense and difficulty of
testing.

Evaluation of Causes and Mechanisms of IASCC of Austenitic SS in PWRS.

The current database and mechanistic understanding of IASCC under the PWR conditions of
higher temperature and higher fluence are very limited. This task will evaluate (a) the effects of
high fluence characteristic of PWR components near or beyond end-of-life on IASCC,
(b) neutron irradiation embrittlement, e.g., loss of fracture toughness, and (c) void swelling
behavior in austenitic SSs. Tests will be conducted on materials irradiated in the BOR-60 reactor
in Russia. The test matrix includes a total of 80 tensile specimens and 222 TEM disk specimens
of, (a) cold-worked and solution-annealed heats of Types 304, 304L, 316, 316 LN, 347 SS, (b)
CF-3 and CF-8 cast austenitic SSs, (c) grain-boundary-optimized Types 304 and 316 SS and
Alloy 690, and (d) several laboratory and commercial heats of austenitic SSs that contain low or
high concentrations of S or O. Irradiation to =5 and 10 dpa for the tensile specimens and =5, 10,
and 20 dpa for the TEM disks has been completed; irradiation to 40 dpa is in progress.

Microstructural studies will be conducted to characterize the void swelling behavior of irradiated
disk specimens in terms of chemical composition, heat treatment, and microstructure of the
material. Ball punch or disk bend tests will also be conducted on the disk or coupon specimens to
obtain mechanical or fracture properties of the material as a function of neutron damage (dpa).
Slow-strain-rate-tensile (SSRT) tests will be conducted

Cracking of Nickel Alloys and Welds.

The objective of this task is to provide the NRC with technical data on the implications of cracks
in Ni—alloy components and welds for residual life, inspection, and repair. Many reactor vessel
internal components and their attachment welds, vessel penetrations, and piping butt welds are
made of alloys, such as Alloy 600, Alloy X750, and Alloy 182, which are susceptible to primary
water stress corrosion cracking (PWSCC). The causes and mechanisms of this cracking and the
implications of microstructure, microchemistry, and surface finish for component life are also not
well understood, and thus lead to greater uncertainty in licensee submissions that address issues
such as damage accumulation and inspection intervals. The NRC research program will address
these issues and provide data required to support staff assessment of industry CGR models, and
potential crack detection and mitigation measures. This task will evaluate (a)the effects of
material and environmental parameters on the susceptibility of nickel alloys and their welds to
PWSCC and (b) to develop crack growth data on these alloys in PWR environments to assure that
selected inspection intervals are adequate to assure structural integrity.



Task 5: Investigation of Other Modes of Degradation in High—Fluence Materials in PWR Environments.

Research at Saclay, France, has shown that gas generation in high fluence materials can produce
unexpected changes in material behavior. Because studies on materials at high fluences and at
temperatures of interest to LWRs are relatively limited, it is possible that additional degradation
phenomena beyond those studied in detail in the other tasks could occur. The work in this task
would seek to study, in cooperation with the CIR and other industry groups, the potential for
other degradation phenomena. However, this task was not funded and no activity was planned
for this task in FY 2004.






2 Effect of LWR Coolant Environments on Fatigue Crack Initiation in
Carbon and Low—Alloy Steels and Austenitic Stainless Steels
(O. K. Chopra and W. J. Shack)

2.1 Introduction

Cyclic loadings on a structural component occur because of changes in mechanical and thermal
loadings as the reactor system goes from one load set (e.g., pressure, temperature, moment, and force
loading) to another. For each load set, an individual fatigue usage factor is determined by the ratio of the
number of cycles anticipated during the lifetime of the component to the allowable cycles. Figures 1-9.1
through 1-9.6 of Appendix I to Section Il of the ASME Boiler and Pressure Vessel Code specify fatigue
design curves that define the allowable number of cycles as a function of applied stress amplitude. The
cumulative usage factor (CUF) is the sum of the individual usage factors, and the ASME Code Section IlI
requires that the CUF at each location must not exceed 1.

The ASME Code fatigue design curves, given in Appendix | of Section Ill, are based on strain—
controlled tests of small polished specimens at room temperature in air. The design curves have been
developed from the best fit to the experimental fatigue—strain—vs.—life (e-N) data, which are expressed in
terms of the Langer equation. The Code fatigue design curves are obtained from the best fit of the
experimental data by first adjusting for the effects of mean stress on fatigue life and then reducing the
fatigue life at each point on the adjusted curve by a factor of 2 on strain (or stress) or 20 on cycles,
whichever is more conservative.

The factors of 2 and 20 are not safety margins but adjustment factors that need to be applied to
small-specimen data to obtain reasonable estimates of the lives of actual reactor components. The factors
were intended to account for data scatter (including material variability) and differences in surface
condition and size between the test specimens and actual components. Subsection NB-3121 of
Section 111 of the Code explicitly notes that the data used to develop the fatigue design curves did not
include tests in the presence of corrosive environments that might accelerate fatigue failure. Article
B-2131 in Appendix B to Section Ill states that the owner's design specifications should provide
information about any reduction to fatigue design curves that is necessitated by environmental conditions.
Existing fatigue e-N data illustrate potentially significant effects of LWR coolant environments on the
fatigue resistance of carbon and low-alloy steels,1-10 as well as austenitic SSs.10-18 Under certain
environmental and loading conditions, the fatigue lives of carbon and low-alloy steels can be a factor of
70 lower in the coolant environment than in air.2.8 Therefore, the margins in the ASME Code may not be
adequate to account for the effect of LWR coolant environments on the fatigue lives of these steels.

The objective of this task is to review and evaluate issues related to environmental effects on
fatigue crack initiation and to develop procedures for incorporating environmental effects into the ASME
Code fatigue evaluations. This report reviews the existing fatigue e-N data for carbon and low-alloy
steels and wrought and cast austenitic stainless steels in LWR environments. These data are used to
define the effects of key material, loading, and environmental parameters on the fatigue lives of these
steels. Statistical models are presented for estimating fatigue life as a function of material, loading, and
environmental parameters. Methods for incorporating environmental effects into ASME Section Il
fatigue evaluations are described. Also, the conservatism in the existing ASME Code fatigue evaluations
is assessed.



2.2 Mechanism of Fatigue Crack Initiation

The formation of surface cracks and their growth to an engineering size (3—-mm deep) constitute the
fatigue life of a material, which is represented by the fatigue e-N curves. Fatigue life has conventionally
been divided into two stages: initiation, expressed as the number of cycles required to form microcracks
on the surface; and propagation, expressed as cycles required to propagate the surface cracks to
engineering size. During cyclic loading of smooth test specimens, surface cracks 10 um or longer form
quite early in life (i.e., <10% of life) at surface irregularities either already in existence or produced by
slip bands, grain boundaries, second—phase particles, etc.8:19 Thus, fatigue life may be considered to
consist of the propagation of cracks from 10 to 3000 um long. Fatigue damage in a material is the current
size of the fatigue crack, and damage accumulation is the rate of crack growth.20
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Figure 1. Schematic illustration of (a) growth of short cracks in smooth specimens as a function of
fatigue life fraction and (b) crack velocity as a function of crack length.

A schematic illustration of the initiation and propagation stages of fatigue life is shown in Fig. 1.
The initiation stage involves growth of “microstructurally small cracks” (MSCs), characterized by
decelerating crack growth (AB in Fig. 1a). The propagation stage involves growth of “mechanically small
cracks,” characterized by accelerating crack growth (BC in Fig. 1a). The growth of the MSCs is very
sensitive to microstructure.1® Fatigue cracks greater than a critical length show little or no influence of
microstructure, and are termed mechanically small cracks. Mechanically small cracks correspond to
Stage Il (tensile) cracks, which are characterized by striated crack growth, with the fracture surface
normal to the maximum principal stress. Various criteria, summarized in Ref. 10, have been used to
define the crack length for transition from microstructurally to mechanically small crack. The transition
crack length is a function of applied stress () and microstructure of the material; actual values may range
from 150 to 250 um. At low enough stress levels (Ac1), the transition from MSC growth to accelerating
crack growth does not occur. This circumstance represents the fatigue limit for the smooth specimen.
Although cracks can form below the fatigue limit, they can grow to engineering size only at stresses
greater than the fatigue limit. The fatigue limit for a material is applicable only for constant loading
conditions. Under variable loading conditions, MSCs can grow at high stresses (Ac3) to lengths larger
than the transition crack length and then can continue to grow at stress levels below the fatigue limit.



Studies on the formation and growth characteristics of short cracks in smooth fatigue specimens in
LWR environments indicate that the decrease in fatigue life in LWR environments is caused primarily by
the effects of the environment on the growth of MSCs (i.e., cracks <200 um deep) and to a lesser extent,
on the growth of mechanically small cracks.8:18 Crack growth rates measured in smooth cylindrical
fatigue specimens of A533-Gr B low-alloy steel and austenitic Type 304 SSs in LWR environments and
air are shown in Fig. 2. The results indicate that in LWR environments, the period spent in the growth of
MSCs (region ABC in Fig. 1a) is decreased. For the A533-Gr B steel, only 30-50 cycles are needed to
form a 100—um crack in high-DO water, whereas ~450 cycles are required to form a 100-um crack in
low-DO water and more than 3000 cycles in air. These values correspond to average growth rates of
~2.5, 0.22, and 0.033 um/cycle, respectively, in high—-DO water, low—-DO water, and air. Relative to air,
CGRs for A533-Gr B steel in high-DO water are nearly two orders of magnitude higher for crack sizes
<100 um, and one order of magnitude higher for crack sizes >100 pm.
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Figure 2.  Crack growth rates plotted as a function of crack depth for (a) A533—-Gr B low alloy steel and
(b) Type 304 SS in air and LWR environments.

2.3 Fatigue e-N Data in LWR Environments

The existing fatigue e-N data developed at various establishments and research laboratories
worldwide have been compiled and categorized according to different test conditions. The fatigue data
were obtained on smooth specimens tested under a fully reversed loading condition, i.e., load ratio
R =-1. Tests on notched specimens or at values of R other than —1 were excluded. In nearly all tests,
fatigue life is defined as the number of cycles, Nos, for tensile stress to drop 25% from its peak or steady—
state value.

2.3.1 Carbon and Low-Alloy Steels

In air, the fatigue lives of carbon and low-alloy steels depend on steel type, temperature, orientation
(rolling or transverse), and strain rate.8-10 The fatigue life of carbon steels is a factor of ~1.5 lower than
that of low-alloy steels. For both steels, life is decreased by a factor of =1.5 when temperature is
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increased from room temperature to 288°C (550°F). In the temperature range of dynamic strain aging
[200-370°C (392-698°F)], these steels show negative sensitivity to strain rate, i.e., cyclic stresses
increase with decreasing strain rate. The effect of strain rate on fatigue life is not clear; with decreasing
strain rate, for some heats life may be unaffected or decrease, but may increase for other heats. The
ASME mean curve for low-alloy steels is in good agreement with the experimental data. The
corresponding curve for carbon steels is somewnhat conservative, especially at strain amplitudes <0.2%.

The fatigue lives of carbon and low-alloy steels are reduced in LWR environments. Although the
microstructures and cyclic—hardening behavior of carbon steels and low-alloy steels are significantly
different; the effects of the environment on the fatigue life of these steels are very similar. The magnitude
of the reduction depends on temperature, strain rate, DO level in water, S content of the steel, and flow
rate. The decrease is significant only when the strain amplitude, temperature, and DO in water are above
certain threshold values, and the strain rate is below a threshold value. For both steels, only a moderate
decrease in life (by a factor of <2) is observed when any one of the threshold conditions is not satisfied.
The S content in the steel is also important. Its effect on life appears to depend on the DO level in water.
The threshold values and the effects of the critical parameters on fatigue life are summarized below.

Strain: The results indicate that the environmental effect on fatigue life occurs primarily during the
tensile-loading cycle. A minimum total applied strain is required above which environmental effects on
life are significant.8-10 Even within a given loading cycle, environmental effects are only significant at
strain levels greater than this threshold value. Limited data suggest that the threshold value is =20%
higher than the fatigue limit for the steel. Also, hold periods during peak tensile or compressive strain
have little or no effect on the fatigue life of the steels.8

Strain Rate: When all other threshold conditions are satisfied, fatigue life decreases logarithmically
with decreasing strain rate below 1%/s.2:3:5 The effect of environment saturates at ~0.001%/s.8-10 When
any one of the threshold conditions is not satisfied, e.g., DO <0.04 ppm or temperature <150°C (<302°F),
the effects of strain rate are consistent with those observed in air.

Temperature: Experimental data indicate a threshold temperature of 150°C (302°F), below which
environmental effects on life either do not occur or are insignificant. When other threshold conditions are
satisfied, fatigue life decreases linearly with temperature above 150°C and up to 320°C (608°F).235 For
service conditions involving simple, well-defined transients, temperature may be represented by the
average of the minimum temperature or 150°C, whichever is higher, and the maximum temperature.

Dissolved Oxygen in Water: When the other threshold conditions are satisfied, fatigue life decreases
logarithmically with DO above 0.04 ppm; the effect saturates at ~0.5 ppm DO.3:5 Only a moderate
decrease in life, i.e., a factor of <2, is observed at DO levels below 0.04 ppm.

Water Conductivity: The fatigue life of low-alloy steels decreases when the conductivity is
increased.21-23  The fatigue life of WB36 low-alloy steel at 177°C (350°F) in water with ~8 ppm DO
decreased by a factor of ~6 when the conductivity of water was increased from 0.06 to 0.5 uS/cm.22

Surface Finish: In air, the fatigue life of rough A106-Gr B specimens is a factor of 3 lower
(triangles in Fig. 3a) compared with smooth specimens, and in high-DO water, it is the same.24 In low—
DO water, the fatigue life of the roughened A106—Gr B specimen is slightly lower than that of smooth
specimens. The effect of surface roughness on the fatigue life of A533-Gr B steel, Fig. 3b, is similar to
that for A106-Gr B steel; in high—-DO water, the fatigue lives of both rough and smooth specimens are the
same.
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Sulfur Content of Steel: The effect of S content on fatigue life appears to depend on the DO content
of the water. When the threshold conditions are satisfied, the fatigue life decreases with increasing S
content for DO levels <1.0 ppm. Limited data suggest that the effects of S on life saturate at an S content
of =0.015 wt.%.8

Flow Rate: Under the environmental conditions typical of operating BWRs, environmental effects
on the fatigue life of high-S (0.016 wt.%) carbon steels are a factor of at least 2 lower at high flow rates
[7 m/s (23 ft/s)] than at 0.3 m/s (1 ft/s) or lower.25-28 The beneficial effects of increased flow rate are
greater at low strain rates, as shown in Fig. 4, and insignificant for low-S (<0.008 wt.% S) steel.25-27 A
factor of 2 increase in fatigue life has also been observed in tests on carbon steel tubing (0.025 wt.% S)
with internal flow rates of up to 0.6 m/s.28
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2.3.2 Austenitic Stainless Steels

In an air environment, the fatigue lives of Types 304 and 316 SS are comparable. At high strain
amplitudes, the life of Type 316NG is slightly higher than that of Types 304 and 316 SS. The results also
indicate that the fatigue life of austenitic SSs in air is independent of temperature from room temperature
to 427°C (800°F). Although the effect of strain rate on fatigue life is significant at temperatures above
400°C (752°F), variations in strain rate in the range of 0.4-0.008%/s have no effect on the fatigue lives of
SSs at temperatures up to 400°C.29 The fatigue behavior of cast CF-8 and CF-8M SSs is similar to that
of wrought austenitic SSs.17

The ASME Code mean curve is not consistent with the existing fatigue e-N data for austenitic SSs.
At strain amplitudes <0.5%, the mean curve predicts significantly longer fatigue lives than those observed
experimentally.17.30

The fatigue lives of austenitic SSs are also decreased in LWR environments. The magnitude of the
reduction depends on strain amplitude, strain rate, temperature, DO level in the water, and the
composition and heat treatment of the steel.10-18 As in the case of the carbon and low-alloy steels,
fatigue life is reduced significantly only when certain critical parameters meet certain threshold values.
The critical parameters that influence fatigue life and the threshold values that are required for
environmental effects to be significant are summarized below.

Strain Amplitude: As in the case of the carbon and low-alloy steels, the environmental effect occurs
primarily during the tensile-loading cycle. Again, a minimum threshold strain is required for the
environmentally induced decrease in fatigue lives of SS to occur. The threshold strain appears to be
independent of material type (weld or base metal) and temperature in the range of 250-325°C and is
related to the elastic strain range of the material.1> Limited data indicate that hold periods during peak
tensile or compressive strain have no effect on the fatigue life of austenitic SSs.11.31

Dissolved Oxygen in Water: In contrast to the behavior of carbon and low-alloy steels, in low-DO
(<0.04 ppm) water, the fatigue lives of all compositions and heat treatment conditions of wrought
austenitic SSs are decreased significantly. In high—-DO water, the fatigue lives seem to be influenced by
the composition and heat treatment of the steel.32 For a heat of high—C Type 304 SS (Fig. 5a), fatigue life
decreased linearly with decreasing strain rate in low—DO water, whereas in high-DO water, strain rate
had no effect on fatigue life. For the low—C Type 316NG SS (Fig. 5b), a small effect of strain rate is
observed in high—-DO water for Heat D432804, and environmental effects are the same for Heat P91576
in low— and high-DO water.

The effect of heat treatment on the fatigue life of Type 304 SS in air, BWR, and PWR
environments is shown in Fig.6. Fatigue life is plotted as a function of the electrochemical
potentiodynamic reactivation (EPR) value for various material conditions.32 Heat treatment has little or
no effect on the fatigue life in air and PWR environments. In a BWR environment, fatigue life is lower
for the sensitized SSs; the decrease in life increases with increasing degree of sensitization. The fracture
mode for the sensitized steel is also different in high-DO water (Fig. 7). In air and PWR environment,
irrespective of the degree of sensitization, the fracture mode for crack initiation (i.e., crack lengths up to
~200 um) and crack propagation (i.e., crack lengths >200 um) was primarily transgranular (TG); some
intergranular (IG) facets were observed in heavily sensitized steel (Fig. 7b). In BWR environment, the
initial crack was IG under all heat-treated conditions (Fig. 7a), and changed within =200 um to a TG
mode with cleavage-like facets and a well-defined river pattern.
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In low-DO water, the fatigue lives of cast SSs are comparable to those for wrought SSs.13-17

Limited data suggest that the fatigue lives of cast SSs in high-DO water are approximately the same as
those in low—DO water.17

Strain Rate: In low—-DO environments, fatigue life decreases logarithmically with decreasing strain
rate below ~0.4%/s; the effect of environment on life saturates at ~0.0004%/s.10-18 Only a moderate
decrease in life is observed at strain rates >0.4%/s. In high—-DO water, the effect of strain rate may be less
pronounced than in low-DO water.

Water Conductivity: Similar to the behavior of carbon and low-alloy steels, the fatigue lives of
austenitic SSs are also affected by the conductivity of water. In high—-DO water, fatigue life decreases by
a factor of =2 when the conductivity of water is increased from ~0.07 to 0.4 uS/cm.18

Temperature: The data suggest a lower threshold temperature of 150°C (302°F). Above this
temperature the environment decreases life in low-DO water if the strain rate is below the threshold of
0.4%/s.711 In the range of 150-325°C (302-617°F), the logarithm of fatigue life decreases linearly with
temperature. Only a moderate decrease in life is observed in water at temperatures below the threshold
value of 150°C. For variable loading conditions, temperature may be represented by the average of the
maximum temperature and the minimum temperature or 150°C, whichever is greater.12

Surface Finish: For austenitic SSs, the fatigue life of roughened specimens is lower than that of the
smooth specimens in air and low—DO water environments (Fig. 8).24 In high-DO water, the fatigue life
is the same for rough and smooth specimens.
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Figure 8.  Effect of surface roughness on the fatigue life of (a) Type 316NG and (b) Type 304 SS in air
and LWR environments at 289°C.

Flow Rate: Limited data indicate that the water flow rate has no effect on the fatigue life of
austenitic SSs in high—purity water at 289°C. The fatigue lives of Type 316NG at 0.6% strain amplitude
and 0.001%f/s strain rate, in high—purity water with 0.2 or 0.05 ppm DO at 289°C, showed little or no
change when the flow rate was increased from ~10~° to 10 m/s.26: 27 Fatigue lives of Type 304 SS under
a flow rate of 10 m/s were, however, shorter than those under semi—stagnant conditions.2’
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2.4 Statistical Model
Statistical models based on the existing fatigue e-N data have been developed at ANL for
estimating the fatigue lives of carbon and low-alloy steels and wrought and cast austenitic SSs in air and
LWR environments.8:10.17 In room—temperature air, the fatigue life N of carbon steels is represented by
In(N) = 6.564 — 1.975 In(eq — 0.113); (1)
and that of low-alloy steels, by

In(N) = 6.627 — 1.808 In(es — 0.151), )

where €, is applied strain amplitude (%). In LWR environments, the fatigue life of carbon steels is
represented by

In(N) = 6.010 — 1.975 In(ea — 0.113) + 0.101 S* T* O* &*; 3)
and that of low-alloy steels, by
In(N) =5.729 - 1.808 In(gq — 0.151) + 0.101 S T" O” &7, 4)

where S*, T*, 0%, and &™are transformed S content, temperature, DO level, and strain rate, respectively,
defined as:

S"=0.015 (DO > 1.0 ppm)

s* =S (DO <1.0 ppm and S < 0.015 wt.%)

S*=0.015 (DO <1.0 ppm and S > 0.015 wt.%) (5)
T°=0 (T < 150°C)

T =T-150 (T = 150-350°C) (6)
0"=0 (DO < 0.04 ppm)

0" = In(DO/0.04) (0.04 ppm < DO < 0.5 ppm)

0" =1In(12.5) (DO > 0.5 ppm) (7
" =0 (£> 1%l/s)

e =1In(g) (0.001 < & < 1%ls)

¢*=1In(0.001) (£< 0.001%/s). (8)

In air at temperatures up to 400°C, the fatigue data for Types 304 and 316 SS are best represented
by

In(N) = 6.703 — 2.030 In(eq — 0.126); 9)
and those for Type 316NG, by

In(N) = 7.433 — 1.782 In(ea — 0.126). (10)
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The results indicate that, in LWR environments, the fatigue data for Types 304 and 316 SS are best
represented by

In(N) = 5.675 — 2.030 In(e — 0.126) + T' &' O"; (11)
and those of Type 316NG, by
In(N) = 7.122 — 1.671 In(eg — 0.126) + T &' O', (12)

where T', ¢', and O' are transformed temperature, strain rate, and DO level, respectively, defined as:

T=0 (T <150°C)

T = (T -150)/175 (150 <T<325°C)

T = (T >325°C) (13)
e=0 (&> 0.4%/s)

¢ = In(/0.4) (0.0004 < ¢ < 0.4%/s)

¢ = In(0.0004/0.4) (£<0.0004%/s) (14)
0'=0.281 (all DO levels). (15)

These models are recommended for predicted fatigue lives <108 cycles. Equations 11 and 13-15
should also be used for cast austenitic SSs such as CF-3, CF-8, and CF-8M. Although the statistical
models do not include the effects of flow rate on the fatigue life, the limited data available on the effects
of flow rate suggest that under the conditions typical of operating BWRs, environmental effects on the
fatigue life of carbon and low-alloy steels are a factor of =2 lower at high flow rates (7 m/s) than very
low flow rates (0.3 m/s or lower).25-28 Flow rate appears to have little or no effect on the fatigue life of
austenitic SSs.26:27 Also, as noted earlier, because the influence of DO level on the fatigue life of
austenitic SSs is not well understood, these models may be conservative for some SSs in high—-DO water.

2.5 Incorporation of Environmental Effects

Two methods have been proposed for incorporating the effects of LWR coolant environments into
the ASME Section |1l fatigue evaluations. In one case, new environmentally adjusted fatigue design
curves are developed8-10.17; in the other, fatigue life correction factors Fe, are used to adjust the fatigue
usage values for environmental effects.?+16.33

25.1 Fatigue Design Curves

Fatigue design curves have been obtained from the statistical models, represented by Egs. 1-8 for
carbon and low-alloy steels, and by Eqgs. 9, 11, 13-15 for austenitic SSs. Although the current Code
fatigue design curve for austenitic SSs does not include a mean stress correction, studies by Wire et al.34
indicate an apparent reduction of up to 26% in strain amplitude in the low-— and intermediate—cycle
regime (i.e., <108 cycles) for a mean stress of 138 MPa. To be consistent with the current ASME Code
philosophy, the best—fit curves are first adjusted for the effect of mean stress by using a modified
Goodman relationship.32 The adjusted curves are then decreased by a factor of 2 on stress and 20 on
cycles to obtain design curves.
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Examples of fatigue design curves for carbon steels, low-alloy steels, and austenitic SS in LWR
environments have been presented elsewhere.24 For the environmentally adjusted fatigue design curves,
a minimum threshold strain is defined, below which environmental effects are modest. Based on the
experimental data, the Pressure Vessel Research Council (PVRC) steering committee for Cyclic Life
Environmental Effects (CLEE)3® has proposed a linear variation for the threshold strain: a lower strain
amplitude below which environmental effects are insignificant, a slightly higher strain amplitude above
which environmental effects decrease fatigue life, and a linear variation of environmental effects between
the two values. The two strain amplitudes are 0.07 and 0.08% for carbon and low-alloy steels, and 0.10
and 0.11% for wrought and cast SS.

2.5.2 Fatigue Life Correction Factor

The effects of reactor coolant environments on fatigue life have also been expressed in terms of a
fatigue life correction factor Fepn, which is defined as the ratio of life in air at room temperature to that in
water at the service temperature. Values of Fe, can be obtained from the statistical model given in
Section 2.4, where

In(Fen) = IN(NRTair) — IN(Nwater)- (16)
From Eqgs. 1-15, the fatigue life correction factor for carbon steels is given by

Fen = exp(0.554 - 0.101 S* T* O &%); (17)
for low-alloy steels, by

Fen = €xp(0.898 — 0.101 S* T* O &*); (18)
and for austenitic SSs, by

Fen = exp(1.028 = T' &' O"). (19)

Also defined is a strain threshold below which environmental effects are modest; the values are the same
as those used in developing the fatigue design curves. To incorporate environmental effects into a
Section 1l fatigue evaluation, the fatigue usage for a specific stress cycle based on the current Code
fatigue design curve is multiplied by the correction factor.

2.6 Margins in ASME Code Fatigue Design Curves

Conservatism in the ASME Code fatigue evaluations may arise from (a) the fatigue evaluation
procedures and (b) the fatigue design curves. The overall conservatism in ASME Code fatigue
evaluations has been demonstrated in fatigue tests on components.36:37 However, other studies on piping
and components indicate that the Code fatigue design procedures do not always ensure large margins of
safety.38:39 In tests on carbon and low-alloy steels vessels, ~5-mm-deep cracks were initiated slightly
above (a factor of <2) the number of cycles predicted by the ASME Code design curve (Fig. 9a). Tests
on carbon steel pipe welds and on Type 304 SS pipe removed from the C—Reactor at the Savannah River
site39 showed that the number of cycles to produce a leak was lower, and in some cases significantly
lower, than that expected from the ASME Code fatigue design curves (Fig. 9a and b).
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Figure 9.  Fatigue data for (a) carbon and low-alloy steel and (b) Type 304 stainless steel components.

Much of the margin in the current evaluations arises from design procedures (e.g., stress analysis
rules and cycle counting). However, the ASME Code permits new and improved approaches to fatigue
evaluations (e.g., finite—element analyses, fatigue monitoring, and improved Kg factors) that can
significantly decrease the conservatism in the current fatigue evaluation procedures.

The design margins of 2 and 20 on stress and cycles, respectively, were intended to cover the
effects of variables that can influence fatigue life but were not investigated in the tests which provided the
data for the Code design curves. It is not clear whether the particular values of 2 and 20 include
additional conservatism that can account to some degree for environmental effects. The contributions of
four groups of variables, namely, material variability and data scatter, size and geometry, surface finish,
and loading sequence (Miner's rule), must be considered in developing fatigue design curves that are
applicable to components. A study sponsored by the PVRC to assess the margins of 2 and 20 in fatigue
design curves concluded that these margins should not be changed.4? Independent reviews based on data
available in the literature are presented in Refs. 10 and 24.

The subfactors that are needed to account for the effects of various material, loading, and
environmental variables on fatigue life are summarized in Table 1. These subfactors can be combined to
obtain a “total adjustment.” The available data indicate that a factor of at least 12.5 on cycles with respect
to the mean e-N curve for laboratory test specimens in air is needed to account for the effects of data
scatter, material variability, component size, surface finish, and loading history. In water, a factor of at
least 19 on cycles with respect to the mean e-N curve for laboratory test specimens in LWR environments
is needed for austenitic SSs, and, because surface effects are insignificant, a factor of at least 10 on cycles
is needed for carbon and low-alloy steels.

The factors on strain are needed primarily to account for the variation in the fatigue limit of the
material caused by material variability, component size and surface finish, and load history. Because
these variables affect life through their influence on the growth of short cracks (<100 um), the adjustment
on strain to account for such variations is typically not cumulative, i.e., the portion of the life can only be
reduced by a finite amount. Thus, the adjustment is controlled by the variable that has the largest effect
on life. In relating the fatigue lives of laboratory test specimens to those of actual reactor components, a
factor of =1.7 on strain with respect to the mean e-N curve for laboratory test specimens is needed to
account for the uncertainties associated with material variability, component size, surface finish, and load
history.
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These results suggest that the current ASME Code requirements of a factor of 2 on stress and 20 on
cycle, to account for differences and uncertainties in fatigue life that are associated with material and
loading conditions are quite reasonable, and do not contain excess conservatism that can be assumed to
account for the effects of LWR environments. As is done currently for the development of design curves
for an air environment, they should be applied to mean data curves for small specimens in LWR
environments to obtain design curves.

Table 1. Factors to be applied to mean e—-N curve.

Factor Factor on Life (Water) Factor
on Life Stainless Carbon/Low-  on Strain
Parameter (Air) Steels Alloy Steels or Stress
Material variability &
experimental scatter 2.0 3.0 3.0 1.2-1.7
Size effect 1.4 1.4 14 1.25
Surface finish 3.0 3.0 1.6 1.6
Loading history 15-25 15-25 15-25 1.3-1.6
Total adjustment 12.5-21.0 19.0-31.0 10.0-17.0 1.6-1.7
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3 Irradiation—Assisted Stress Corrosion Cracking of
Austenitic Stainless Steel in BWRs

The objectives of this task are to (a) investigate the effects of material chemistry and irradiation
level on the susceptibility of SSs to IASCC, (b) develop technical information needed to assure that
selected inspection intervals are adequate to assure structural integrity, and (c) verify the effectiveness of
industry—proposed mitigative measures. Tests of CGR and SSRT are being conducted on model SSs,
irradiated at ~288°C in a helium environment in the Halden boiling heavy water reactor, to investigate the
effects of material chemistry and irradiation level on the susceptibility of SSs to IASCC. Crack growth
tests are currently being conducted on irradiated specimens of SA and SMA welds of Types 304 and
304L SS to establish the effects of fluence level, material chemistry, and welding process on IASCC.
Models and codes developed under CIR and from industry sources will be benchmarked and used in
conjunction with this work. However, for crack—growth rate models for irradiated materials, it is
anticipated that relatively few data will be available because of the expense and difficulty of testing.

3.1 Irradiation Assisted Stress Corrosion Cracking of Austenitic Stainless Steels
from Halden Phase | Irradiations (H. M. Chung and W. J. Shack)

3.1.1 Introduction

Some BWR and PWR core internal components have failed after accumulation of neutron fluences
higher than ~0.5 x 1021 n/cm2 (E >1 MeV) (=0.75 dpa) in BWRs and at fluences approximately an order
of magnitude higher in PWRs. The general pattern of the observed failures indicates that as nuclear
plants age and fluence increases, various nonsensitized austenitic SSs become susceptible to I1G failure.
Failure of welded components (such as core shrouds fabricated from Type 304 or 304L SS) has also been
observed in many BWRs, usually at fluence levels significantly lower than the threshold fluence for the
solution-annealed base-metal components.

Although most failed components can be replaced, some safety—significant structural components
(e.g., the BWR top guide, core shroud, and core plate) would be very difficult or costly to replace.
Therefore, the structural integrity of these components has been a subject of concern, and extensive
research has been conducted to provide an understanding of this type of degradation, which is commonly
known as IASCC.41-70

Irradiation produces profound effects on local coolant water chemistry and component
microstructure. Neutron irradiation causes alteration of microchemistry, microstructure, and mechanical
properties of the core internal components, which are usually fabricated from American Society for
Testing and Materials (ASTM) Types 304, 304L, 316, or 348 SS. It produces defects, defect clusters, and
defect-impurity complexes in grain matrices and alters the dislocation and dislocation loop structures,
leading to radiation-induced hardening, and in many cases, flow localization via dislocation channeling.
It also leads to changes in the stability of second—phase precipitates and the local alloy chemistry near
grain boundaries, precipitates, and defect clusters. Grain—boundary microchemistry significantly different
from bulk composition can be produced in association with not only radiation—induced segregation, but
also thermally driven equilibrium and nonequilibrium segregation of alloying and impurity elements.

Irradiation—induced grain—boundary depletion of Cr has been considered for many years to be the
primary metallurgical process that leads to IASCC in BWRs. One of the most important factors that
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seems to support the Cr—depletion mechanism is that the IGSCC of nonirradiated thermally sensitized
material and the IASCC of BWR-irradiated solution—-annealed material depend on water chemistry (i.e.,
oxidizing potential) in a similar way.41:4445 Many investigators have also suggested that radiation—
induced segregation of ASTM-specified impurities such as Si and P and other minor impurities not
specified in the ASTM specification48-63 has a role in the IASCC process. However, the exact
mechanism of IASCC remains unknown.

In general, IASCC is characterized by strong heat—to—heat variation in susceptibility, even among
materials of virtually identical chemical compositions. This suggests that the traditional interpretation
based on the role of grain-boundary Cr depletion alone may not completely explain the 1ASCC
mechanism. An irradiation test program is being conducted to investigate systematically the effects of
alloying and impurity elements (Cr, Ni, Si, P, S, Mn, C, N, and O) on the susceptibility of austenitic
stainless steels to IASCC at several fluence levels.

In previous studies, SSRT tests and fractographic analysis were conducted on model austenitic SS
alloys irradiated at 289°C to a “low-fluence” level of ~0.3 x 1021 n/cm2 (E > 1 MeV)" (=0.43 dpa), a
“medium-fluence” level of =0.9 x 1021 n/cm2 (=1.3 dpa),®8.69 and a “high-fluence” level of =2.0 x
1021 n/cm2 (=3.0 dpa).”® Ten of the 11 heats were austenitic SS, and one was austenitic—ferritic SS
containing ~3 vol.% ferrite of globular shape. The IASCC-resistant or —susceptible behavior of austenitic
SSs has been represented in terms of a two—dimensional map of bulk S and C contents of the steels. This
report presents an IASCC model for irradiated austenitic SSs.

3.1.2 Review of SSRT Test Results

The results of this investigation show that, as neutron fluence increases to a high level
(e.g., 2.0x 10% n/em2 or 3 dpa), the deleterious effect of S on IASCC susceptibility is dominant over the
effects of other elements. The IG fracture surface morphology observed in commercial heats in this study
was similar to that of field-cracked BWR core internals. This study also shows that a sufficiently low
concentration of S (<0.002 wt.%) is the primary material factor necessary to ensure good resistance to
IASCC. Even at slightly higher S concentrations of >0.003 wt.%, Types 304, 304L, 316, and 316L SSs
were susceptible to IASCC at 3 dpa. This strong dependence on S concentration suggests that some kind
of threshold phenomenon related to S is involved in IASCC.

Note that, for 304— and 316-type steels that contain a low concentration of C of <0.03 wt.% (e.g.,
Types 304L, 316L, and their high—purity counterparts), an S concentration of <0.002 wt.% is not a
sufficient material condition to ensure good resistance to IASCC. This behavior is in distinct contrast to
that of 304- and 316-type steels that contain high C concentrations of >0.03 wt.% and S concentration of
<0.002 wt.%. The latter class of steels exhibited good resistance to IASCC. This contrasting behavior
indicates that, for S concentration <0.002 wt.%, a high concentration of C plays a beneficial role.
However, when S concentration is high, i.e., >0.002 wt.%, the deleterious effect of S is so pronounced
that the effect of a high concentration of C is largely obscured.

At lower damage levels (i.e., <1 dpa), a high concentration of Si (i.e., 0.8-1.5 wt.%) has a beneficial
effect. At higher damage levels, however, this effect appears to be obscured by the deleterious effect of
S. Therefore, from the standpoint of BWR IASCC, which usually occurs at damage levels >2.5 dpa, we
believe that the typical variation in Si concentration in Types 304 and 316 SS (i.e., 0.4 to 1.0 wt.%) is not

1.

*
All references to fluence levels are calculated for E >1 MeV.
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an important factor. It is not clear if, in addition to a sufficiently low concentration of S (i.e.,
<0.002 wt.%) and a sufficiently high concentration of C (i.e., >0.03 wt.%), an unusually high
concentration of Si (e.g., >1.5 wt.%) provides an extra benefit when fluence is high (e.g., >2.5 dpa). The
two heats that belong in this category, i.e., 304 SS Heat L14 (S =0.002 wt.%, C 0.107 wt.%, and Si
0.96 wt.%) and 316 SS heat L27 (S ~0.002 wt.%, C 0.057 wt.%, and Si 1.82 wt.%) exhibited good
resistance at 3 dpa. On the other hand, 304 SS Heat C19, which contains a slightly higher S concentration
(i.e., 0.003 wt.%) and a relatively low concentration of Si (i.e., 0.45wt.%), exhibited a significant
susceptibility at 3 dpa despite a high concentration of C (i.e., 0.06 wt.%). Also, 304 SS Heat L6, which
contains 0.005 wt.% S and 0.096 wt.% C, exhibited a significant susceptibility at 3 dpa despite a high
concentration of Si (i.e., 1.90 wt.%).

Most field—cracked LWR core internals and steels used in SSRT tests or evaluation of crack—
growth behavior in the IASCC community contain S concentrations >0.002 wt.%. Therefore, it is not
surprising to see that most of them were susceptible to IASCC in one way or another. For S
concentrations >0.002 wt.%, the degree of IASCC susceptibility in this study varied significantly from
heat to heat, and it was difficult to predict the degree quantitatively. This behavior, consistent with
literature data, is not unexpected when one considers that, for a given fluence level, several factors can
influence the degree of S segregation to grain boundaries, e.g., annealing and cooling history during
fabrication, Mn content, precipitation of sulfides such as MnS and CusS, and solubility of the sulfides in
BWR-like water.

The observation that steels that contain a very low or negligible amount of S are resistant to IASCC
provides an important clue to the mechanism of IASCC. To understand the mechanism, we believe it is
important to consider the following:

1.  The strong dependence of IASCC susceptibility on fluence

2. The strong dependence of IASCC susceptibility on S concentration, and an indication of some kind
of critical phenomenon involving S

3. Suppression of IASCC susceptibility at high concentration of C (>0.03 wt.%) and sufficiently low S
concentrations (<0.002 wt.%), but not at S concentrations >0.003 wt.%

4. Very low solubility of S in austenitic SS at ~300°C
5. Segregation of S to grain boundary
6.  Parallel grain-boundary Cr depletion and Ni segregation
7. Strong influence of water chemistry on BWR IASCC
8.  Strong effect of strain rate on percent IGSCC from SSRT tests

Considering that the S effect is dominant at high fluence and the grain—boundary Cr depletion is in
some respect a mirror image of grain—boundary Ni segregation, we believe it is important to understand
the peculiar properties of Ni-S thin film reported by Heuer et al., who investigated the effect of ion—
implanted S on disorder-induced amorphization of Ni.’l Those authors also investigated the effect of

thermal segregation of S on grain boundaries on the mechanical properties of nonirradiated binary Ni-S.
In the latter investigation, they found that, as the grain boundary concentration of S exceeds =10 at.%
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(=5.6 wt.%), the mechanical properties of S—segregated Ni start to degrade drastically in 23°C air, i.e.,
there is a precipitous decrease in total elongation, tensile strength, modulus of toughness, reduction in
area, and a sharp increase in percent intergranular cracking (IGC). This means that, at a sufficiently high
level of S segregation, a grain boundary in the Ni-S system loses metallic strength and behaves more like
clay. Okamoto and his coworkers also showed that the volume fraction of amorphization of S-ion-
implanted specimens starts to increase drastically when the bulk S concentration exceeds ~5.6 wt.%.71.72
Based on these observations, they concluded that S-induced intergranular fracture in binary Ni-S is
explained well by disorder-induced melting of a Ni-S-rich thin film that formed on grain boundaries.
They proposed that this process is strongly influenced by S and H concentrations, stress, temperature, and
irradiation damage. We believe that the results of Okamoto and his coworkers constitute a very useful
framework that can shed light on the mechanistic understanding of IASCC.

Similar to the observation of Heuer et al.,’! predominantly 1G fracture was observed in one of our
high—strain—rate bending tests in 23°C air, specifically, a Type 304 SS Heat L13 which contained an
unusually high concentration of S (0.022 wt.%) and an unusually low concentration of Mn (0.36 wt.%).
The specimen was neither exposed to water nor charged with hydrogen before the bending test.
Therefore, the intergranular fracture in the specimen cannot be explained on the basis of H-induced
embrittlement of grain boundaries. The high—-magnification intergranular fractograph of the specimen,
shown in Fig. 10, is characterized by a smooth grain boundary separation, a virtual absence of
deformation steps, and an indication of significant grain encirclement. These features are similar to those
of IASCC failures produced in 289°C water. Because the specimen was irradiated in high—purity helium,
it is also difficult to explain the intergranular fracture by grain boundary oxidation or O segregation. The
fracture behavior seems to differ from the limited amount of near—surface intergranular separation
reported by Onchi and his coworker?3.74 for thermally sensitized and irradiated 304 SSs that were tested
in inert gas at =290°C. Nevertheless, the experiment of Fig. 10 shows that purely mechanical
intergranular failure similar to that reported in the nonirradiated Ni-S system can occur in a highly
irradiated austenitic SS that contains an unusually high concentration of S.

Considering the observations discussed above, we believe that it is important to better understand
the structure and properties of Ni— and S-rich thin films and islands that have been reported by Thomas

Figure 10.

Fracture surface morphology of high-S,
low—Mn Type 304 SS Specimen L13-03B (S,
0.022 wt.%; Mn, 0.36 wt.%; =3 dpa in helium
at 289°C) produced during bending in 23°C
air without previous exposure to water or H
charging.
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and Bruemmer”5-77 and Dumbill.”® The former investigators conducted extensive studies on crack-tip
microstructure and microchemistry of field-cracked BWR and PWR core internal components.’6.77
Similar studies were also performed by Dumbill”® and Bruemmer and Thomas’’ on nonirradiated,
thermally sensitized 30478 and 31677 SSs that were tested in sulfated’8 or deoxygenated’’ BWR-like
water at 289°C.

In Ref. 76, Thomas and Bruemmer report extensively on the crack-tip grain boundary
microstructural characteristics of a PWR baffle bolt and a BWR top guide, both of which cracked during
service. A layer of Cr—Fe-type spinel oxide sandwiched between the two adjacent grain matrices was
always observed ahead of an open crack tip. Such an oxide was fine-grained and contained tiny pores
(diameter 2-10 nm). In the case of the BWR top guide, numerous irregularly shaped microcavities, as
large as =100 nm in length and ~50 nm in width, were observed, usually at the metal/oxide boundary and
near the tip of the spinel oxide.

Direct evidence of NixSy~type thin films produced between such a spinel oxide and the metal
matrix is observed in several photomicrographs, e.g., Figs. 3-10 and 3-13 in Ref. 76 for the PWR baffle
bolt. Small islands of Ni or NixSy~type phase are also observed. The width of such NixSy~type thin film
is extremely small, i.e., <7 nm, based on data from energy-dispersive spectroscopy (EDS), and <3 nm
based on bright-field image. In the case of the BWR top guide, a similar type of thin film (thickness
~3 nm), which exhibits the same imaging contrast, is observed at the boundary between the metal matrix
and the spinel oxide, e.g., Figs. 4-11, 4-12, 4-14, 4-17, and 4-20 of Ref. 76.

Results of EDS analysis on the top guide indicate that such film contains a high concentration of
Ni. However, data for S distribution near the film were not reported. The distance between EDS spots in
the analysis was 5-25 nm, significantly larger than the width of such a thin film. Under such conditions,
one can easily miss probing a spot correctly placed in the middle of a thin film that is only <3 nm wide.
Therefore, it is not easy to measure the distribution of S near such a film. However, microstructural
features such as spinel oxide, voids, cavities, the position and shape of an open crack, and NixSy~type
thin film can be detected readily through bright-field imaging and tilting. A dark—field image of a <3-
nm-wide NixSy~type thin film, which is a more valuable piece of information, would be very difficult to
obtain in an irradiated core internal. Dumbill reported results of X-ray mapping that show a matching
distribution of Ni and S for a crack tip in his nonirradiated sensitized 304 SS specimen.’® The Ni— and S-
rich thin film in his specimen was relatively thicker (i.e., width ~100 nm), and a continuous EDS line scan
and matching elemental mapping clearly showed the nature of such film.

Thomas and Bruemmer provided a comprehensive interpretation of the crack-tip microstructures
observed in their studies.”®.77 They suggested that Cr— and Fe-rich spinel oxide, observed ahead of an
open crack tip, was produced as a corrosion byproduct that filled the crack opening after the crack had
advanced along the grain boundary. Thus, the spinel oxide tip was interpreted to be the same as the crack
tip. Formation of Ni-rich thin films and islands were attributed to a mechanism of selective dissolution in
which Cr and Fe atoms are dissolved preferentially over Ni atoms in the crack-tip water.

Nevertheless, photomicrographs and EDS data given in the reports of Thomas and Bruemmer/>-77
or Dumbill”8 shed light on several new clues that are helpful to the understanding of the metallurgical
processes that occur near a crack tip. Thus, we thought that a more detailed, integrated evaluation is
timely. Several important observations in the following discussion suggest a mechanism in which spinel
oxide and Ni and NixSy thin films and islands visible near the crack tip were produced, not after the crack
advanced to the position of the spinel oxide tip, but instead, before the crack advanced in association with
internal grain-boundary oxidation, which occurred ahead of the crack tip.
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The first observation is that a crack tip is often visible adjacent to a grain boundary rather than in
line with the grain boundary. The offset distance between the line of crack advance and the grain
boundary (imaged edge on) was ~20 nm in the field-cracked BWR top guide; see Figs. 4-19 and 4-21 in
Ref. 76. In the case of nonirradiated, thermally sensitized 304 and 316 SSs tested in deoxygenated BWR-
like water, the offset distance was ~90 nm and ~15 nm, respectively.”> This observation is difficult to
explain on the basis of preferential dissolution of the grain-boundary metal; it is equally difficult to
explain on the basis of the premise that the grain boundary itself shifts continuously ahead of an
advancing crack tip. The offset distance is the same as the distance between the grain boundary and the
metal/spinel boundary, in which a NixSy~type thin film and islands are present, often accompanied by
high—density voids and cavities. More voids and cavities tend to appear in regions where thin films or
islands of NixSy~type or Ni-rich phases occur. This observation suggests that the voids and cavities were
products of localized melting of Ni— and S-rich films or islands. This view is essentially consistent with
the results of experiments and the theory advanced by Okamoto and his coworkers on the behavior of S—
rich thin film in the Ni=S binary system.”1.72

The second observation is dark—field morphology of spinel oxide present ahead of an open crack
tip. Such a dark—field image was reported in Ref. 75 for a crack tip in an nonirradiated, thermally
sensitized 316 SS. In the image, extremely small particles of spinel oxide (diameter ~5 nm) are observed
decorating the grain boundary =290 to =450 nm ahead of the open crack tip, with twin boundaries
~350 nm ahead of the crack tip. This observation provides direct evidence of internal oxidation on grain
boundaries and twin boundaries in a BWR-like environment, and it is reasonable to expect a similar
phenomenon in a BWR core internal. For ordinary grain boundaries (i.e., grain boundaries that are not
involved in crack-tip advancement), evidence of grain-boundary internal oxidation has been reported only
for the HAZ in BWR core shroud welds that were prepared by SMA or SA procedure.”®80 Oxygen
contamination in such a HAZ is pronounced, and because O solubility in the grain matrices is extremely
low near room temperature, O atoms segregate to grain boundaries during cooling of the HAZ. Internal
oxide particles produced by this process have been characterized by Auger electron spectroscopy in
Refs. 79 and 80, and by transmission electron microscopy in Ref. 79.

The third observation is pores and voids that decorate previous twin boundaries located within a
spinel oxide ahead of an open crack tip. Such a feature, visible in a top guide crack tip in Figs. 4-9 and
4-10 of Ref. 76, cannot be explained on the basis of the premise that the spinel oxide filled the crack
opening up to the tip of the spinel oxide. Such a feature is, however, explained well by the premise that a
grain boundary region that contains a twin was oxidized internally before the crack advanced to that
particular location.

The fourth observation notes the tendency that more cavities are observed near the tip of the spinel
oxide layer than near the metal/spinel boundary, e.g., the top guide crack-tip structure shown in Figs. 4-20
to 4-25 of Ref. 76. Also, more Ni and Ni-sulfide islands tend to be present near the tip of a spinel oxide,
e.g., Figs. 3-14 (baffle bolt) and 4-18 (top guide) in Ref. 76. This behavior is not explained well by the
premise that the spinel oxide filled the crack opening but is explained well by the premise that the spinel
oxide extended its length via internal oxidation of the grain boundary. In the latter process, Cr and Fe
atoms are expected to be selectively oxidized by the oxygen atoms that diffuse down the grain boundary,
thereby gradually enriching the metal near the tip of the oxide with Ni. At the same time, S atoms are
predicted to remain in the metal ahead of the spinel tip rather than to be incorporated in the spinel oxide in
which their solubility is lower than in the metal.

The above observations lend strong support to a mechanism in which a spinel oxide layer and Ni-
and S-rich thin films and islands are produced ahead of an advancing crack tip, and localized melting of
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the Ni- and S-rich films and islands plays a primary role in crack propagation. The result of such
melting is the production of voids and cavities at the metal/spinel boundary and near the tip of the spinel
layer.

3.1.3 An IASCC Model

On the basis of several key observations in this study and elsewhere, and on the basis of the
discussions above, we propose a new IASCC mechanism for irradiated austenitic SS. The model, initially
reported in Ref.81 and schematically illustrated in Fig. 11, is based on the following steps, some
postulated and some supported by observations in this study or other investigations:

1. Many incipient cracks are nucleated in the brittle surface oxide layer that is in contact with water.

2. When one such incipient crack encounters a grain boundary, the metal in front of the crack tip is
oxidized preferentially along the grain boundary, because stress and defects (crystallographic and
irradiation-induced defects) are higher at the grain boundary. A grain boundary is a preferential
path for faster diffusion of O from the water, especially in a highly irradiated steel.

3. The rate of O transport from water to grain-boundary metal is strongly influenced by the thickness
and morphology of the Cr oxide layer that covers the crack-tip grain boundary. When grain
boundary Cr depletion is significant, the Cr oxide layer is thinner and less protective, which allows
a faster permeation and transport of O. If the Cr oxide layer that covers the crack-tip grain
boundary is ruptured by twinning or dislocation channeling, O transport to the grain-boundary
metal is facilitated.

4.  The metal at the crack-tip grain boundary is gradually converted to Cr—Fe—type spinel oxide,
because Cr and Fe atoms are preferentially (or selectively) oxidized over Ni atoms by the O atoms
that diffused down the grain boundary. Nickel atoms are significantly more difficult to oxidize than
Fe and Cr. The free energies of oxidation at ~300°C of Ni, Fe, and Cr are, respectively, =92, =111,
and —155 kcal/mole of O,. Thus, most Ni atoms remain unoxidized in the metal matrix. The result
is that Ni atoms, excluded from the growing Cr—Fe spinel oxide layer on the grain boundary,
accumulate near the metal/spinel boundary and at the tip of the spinel oxide.

5. Atthe same time, S atoms segregated on the grain boundary are also pushed out of the spinel oxide,
because the solubility of S is lower in the oxide than in the metal.

6.  Eventually, Ni- and S-rich thin films or islands form at the metal/spinel boundary and at the tip of
the growing spinel oxide layer. The Ni- and S-rich region can be in the shape of a continuous or
discontinuous film or a small isolated island. Nickel and S atoms accumulate more at the tip of the
long spinel oxide layer than at the metal/spinel boundary, because less oxidation occurs in the latter
direction.

7. Some S ions accumulate in the crack tip water because of dissolution of soluble sulfides.82 Some S
atoms are released into the metal due to irradiation-induced instability of MnS83 and subsequently
diffuse to the thin region of metal that is in contact with the Ni— and S-rich film under the influence
of high tensile stress.
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10.

(A)\ Ni, Si, P, C, S segregated GB at high

Cr depleted fluence

Higher GB Cr produces thicker Cr oxide,
which slows O permeation and diffusion
along GB. More O atoms diffuse when Cr
oxide is broken by twins.

O diffuses fast along GB under
stress and irradiation. Cr-Fe spinel
oxide grows along GB.

Ni is inert, remains unoxidized.

S ions released into water

S is more soluble in metal than in spinel.
Ni and S accumulate gradually at metal/

Some S ions diffuse to ; X ¢
spinel boundary and at spinel tip.

metal/spinel boundary.

Ni- and S-rich thin film and islands form.

At high S concentration, Ni- and S-rich film and islands melt or is amorphized under
the influence of irradiation and stress. Voids and cavities form, preferentially near
metal/spinel boundary and spinel tip.

(D) ®,

\cavities

When voids, cavities, and molten film are in significant amounts, the metal/spinel
boundary loses strength, and crack tip advances along the boundary.

void

(F)  When S-rich Ni film and islands are amorphized
or melt, Ni-S polyhedral cage is destroyed, S is freed from
the cage and diffuses back into metal matrix. Altered distribution of S
is observed when the tip is examined after discharge or test.

Figure 11. Schematic illustration of proposed IASCC model. (GB = grain boundary)

When the concentration of S in the Ni—and S—rich thin film or island exceeds a threshold level, the
film or island melts or is amorphized, thereby losing its metallic strength. When the thin film or
island melts, voids and cavities are formed near the metal/spinel boundary and at the tip of the
spinel layer.

The crack tip then advances along the weakened metal/oxide boundary, i.e., along the thin region in
which the Ni- and S-rich thin film and islands melt or are amorphized, thereby producing voids
and cavities.

Voids and cavities tend to be produced more ahead of the spinel tip than at the metal/spinel
boundary because of the factor described in Step 6. When a large cavity(ies) form at the spinel tip,
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crack advance halts until a new spinel layer forms ahead of such a cavity(ies). At this time the line
of crack advance can switch.

11. Once the Ni- and S-rich thin films or islands melt or are amorphized, they lose their crystalline
structure. The polyhedral crystal structure of the phase, such as the cage structure described by
Ashby and Spaegen,84 is broken. Then, the S atoms incorporated in the polyhedral cages diffuse
away into the metal matrix.

12. Depending on postcracking thermal history, the degree of such back-diffusion of S atoms varies.
Then, the S—to-Ni ratio and the distribution of S and Ni near voids and cavities observed in a post-
cracking examination may vary significantly.

3.1.4 Role of Carbon

The role of carbon, which tends to suppress IASCC susceptibility at very low concentrations of S
(<0.002 wt.%), is not well understood at this time. However, an attractive model that can explain the
beneficial effect is based on a postulation that C atoms are dissolved in significant amounts in the Ni- and
S—rich thin film. As shown by Heuer et al., a Ni— and S—rich thin film loses metallic strength when the S
content in the film exceeds a threshold level.”l Such a loss of metallic strength is attributed to severe
localization of free electrons by S atoms incorporated in the Ni-S-type film, i.e., trapping of free
electrons by S. When deprived of free electrons, the film no longer exhibits metallic behavior or metallic
strength. A simple consideration suggests that C atoms can easily occupy the same octahedral sites in the
unit cell of Ni sulfide that would be normally occupied by S atoms. Thus, when C concentration is high
near the Ni— and S-rich thin film that is formed at the crack-tip grain boundary, S and C atoms compete
to occupy the same octahedral sites. Under such a situation, C dissolved in the film is expected to
promote a strong covalent bonding with Ni, in effect, suppressing the effect of trapping free electrons by
S. The limited information available (presented in NUREG/CR-4667, Vol. 34) indicates that the
solubility of C in a CuS- and NiS-type thin film is significant, which is consistent with, but does not
prove, the model outlined above. A further investigation is desirable to provide a better mechanistic
understanding of the role of C atoms on BWR IASCC.

3.2 Crack Growth Rate Test of Austenitic Stainless Steels Irradiated
in the Halden Reactor (E. E. Gruber and O. K. Chopra)

3.2.1 Introduction

Austenitic SSs are used extensively as structural alloys in reactor pressure vessel internal
components because of their high strength, ductility, and fracture toughness. However, exposure to
neutron irradiation for extended periods changes the microstructure and degrades the fracture properties
of these steels. Irradiation leads to a significant increase in yield strength and reduction in ductility and
fracture resistance of austenitic SSs.85-88 Radiation can exacerbate the corrosion fatigue and stress
corrosion cracking (SCC) behavior of SSs8589.90 py affecting the material microchemistry,
e.g., radiation—-induced segregation; material microstructure, e.g., radiation hardening; and water
chemistry, e.g., radiolysis.

The factors that influence SCC susceptibility of materials include neutron fluence, cold work,

corrosion potential, water purity, temperature, and loading. The effects of neutron fluence on IASCC of
austenitic SSs has been investigated for BWR control blade sheaths91-93 and laboratory tests on BWR-
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irradiated material;89.94-96 the extent of intergranular SCC increases with fluence. Although a threshold
fluence level of 5 x 1020 n/cm2 (E >1 MeV)"* (~0.75 dpa) has been proposed for austenitic SSs in BWR
environments based on early experimental results, intergranular cracking has been seen at fluences as low
as ~2 x 1020 n/cm2 (~0.3 dpa).89.97 The results also show the beneficial effect of reducing the corrosion
potential of the environment,98.99 which suggests that the threshold fluence for IASCC is higher under
low potential conditions such as BWR hydrogen water chemistry (HWC) or PWR primary water
chemistry. However, low corrosion potential does not provide immunity to IASCC if the fluence is high
enough, e.g., intergranular SCC has been observed in cold—worked, irradiated SS baffle bolts in PWRs.

A program is being conducted at ANL on irradiated SSs to support the regulatory request to
understand better the safety issues attendant to the cracking of BWR internals such as core shrouds. The
susceptibility of austenitic SSs to IASCC is being evaluated as a function of the fluence level, material
composition, and water chemistry. Crack growth rate tests are being conducted on Types 304 and 316 SS
base metal and weld HAZ irradiated to fluence levels up to 2.0 x 1021 n/cm?2 (3.0 dpa) at ~288°C (550°F).
The CGR tests are conducted in normal water chemistry (NWC) and HWC BWR environments at
~289°C.

Crack growth tests have been completed on Types 304L and 316L SS (Heats C3 and C16,
respectively) irradiated to a fluence level of 0.3, 0.9, and 2.0 x 1021 n/cm?2 (0.45, 1.35, and 3.0 dpa). The
results indicate significant enhancement of CGRs for irradiated steels in the NWC BWR environment.100
The CGRs of Type 304L SS irradiated to 1.35 and 3.0 dpa and Type 316L SS irradiated to 3.0 dpa were
comparable and a factor of =5 higher than the disposition curve proposed in NUREG-0313101 for
sensitized austenitic SSs in water with 8 ppm DO. Type 304L SS irradiated to 0.45 dpa showed very little
enhancement of CGRs in high-DO water. Also, for these irradiation levels, the CGRs under constant
load were below the NUREG-0313 disposition curve for sensitized SSs.

The results also indicated that in low—-DO BWR environments, the CGRs of the irradiated steels
decreased by an order of magnitude in some tests, e.g., Type 304L SS irradiated to 1.35 dpa and
Type 316L SS irradiated to 3.0 dpa. As noted previously, the benefit of low DO appears to decrease with
increasing fluence. The beneficial effect of decreased DO was not observed in a test on Type 304L SS
Heat C3 irradiated to 3.0 dpa, although it is possible that this different behavior is associated with the loss
of constraint in the specimen due to the high applied load.100

This annual report presents experimental CGR data in BWR environments at 289°C for SS weld
HAZ specimens irradiated to 0.5 x 1021 n/cm2 (0.75 dpa). The HAZ specimens were obtained from the
H5 core-shroud weld of the cancelled GG reactor and an SMA weld prepared from a 30-mm plate of
Type 304 SS (Heat 10285). Baseline data were obtained on nonirradiated SS weld HAZ specimens; the
results were presented earlier.102  Also, a detailed metallographic examination of the fracture surface of
Type 304L SS specimen C3-C (irradiated to 3.0 dpa) was performed to determine whether the lack of
beneficial effect of HWC observed for this specimen was associated with the possible loss of constraint
due to the high applied load.

3.2.2 Experimental

The CGR tests were performed at ~289°C on 1/4-T CT specimens in simulated BWR environments
in accordance with ASTM E-647 and ASTM E-1681. The configuration of the specimens is shown in

1.

*
All references to fluence levels are calculated for E >1 MeV.
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Figure 12. Configuration of compact—tension specimen for this study (dimensions in mm).

Table 2. Composition (wt.%) of Type 304 stainless steels investigated.

Steel
Type Heat ID Analysis  Ni Si P S Mn C N Cr Mo O
304 10285 Vendor 840 051 0.032 0.006 164 0.058 - 18.25 041 -

ANL 845 060 0.015 0.007 190 0.070 0.084 1856 0.51 0.013
304L GG TopShell ANL 9.05 053 0.027 0.016 1.84 0.013 0.064 1823 0.44 0.010
GG Bottom Shell ANL 895 055 0.023 0.008 180 0.015 0.067 18.62 0.31 0.014

Fig. 12. Crack extensions were determined by DC potential measurements. The GG H5 weld was
fabricated from SA 240 Type 304L hot-rolled plate having a double-V joint design and welded by the
SA method with ER308L filler metal. The SMA weld was prepared in the laboratory by welding two
70x 178 mm (2.75x 7.0 in.) pieces of 30-mm thick (1.18-in. thick) plate. The composition of the SSs
used in the present study is presented in Table 2. The specimens were machined from 9.5-mm thick
slices of the weld; before machining, some slices were thermally treated for 24 h at 500°C (932°F) to
simulate long term aging during service. For all specimens, the machined notch was located in the HAZ
of the weld. Each slice was etched, and the specimen orientation and notch location relative to the weld
were clearly identified. Details regarding the facility and procedure for conducting the tests and material
characterization were presented earlier.102

There are a few potential differences between the GG SA weld HAZ and laboratory—prepared SMA
weld HAZ, e.g., microstructure and residual strain. The HAZ of high—C austenitic SS welds typically
consists of a sensitized microstructure. The low—-C grades of SSs are considered to be resistant to weld
sensitization. A transmission electron microscopy (TEM) study of the HAZ in the GG Type 304L
vertical core shroud weld revealed a few, very small Cr-rich precipitates at the grain boundaries about 1
and 3 mm from the fusion line; most boundaries showed no precipitates.103 Thus, only the laboratory—
prepared weld HAZ is likely to have a sensitized microstructure. The residual strain in various SS weld
HAZs has been measured by the electron back scattered pattern technique.103-106  The results indicate
that the peak strains typically extend up to 5 mm from the fusion line and range from 8 to 20%. Residual
strains up to 10% have been measured in the Type 304L vertical core shroud weld HAZ from the GG
reactor.103 Similar information for the laboratory—prepared weld HAZ is not available. Also, because the
heat input per pass for SA welds is typically higher than for SMA welds of comparable geometry, the
HAZ associated with a SA weld is wider than that associated with a SMA weld.
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Table 3. Tensile properties (MPa) of the austenitic stainless steels irradiated in the Halden reactor.

Nonirradiated Fluence 5 x 1020 n/cm?
Steel Type Material Condition Yield Ultimate Yield Ultimate
304 SS Heat 10285 Mill annealed 196 508 - -
MA +10.5 h at 600°C 156 501 (531) (680)
304L SS GG Core Shroud Mill annealed 158 411 - -
MA +10.5 h at 600°C 159 425 (533) (610)

Estimated values within parentheses, yield stress determined from Eq. 20 and ultimate stress from data obtained on similar heats
in Ref. 108. To convert MPa to ksi multiply by 0.145.

The tensile properties of the GG core shroud shell and Heat 10285, in the mill-annealed condition
and after sensitization at 600°C (1112°F) for 10.5 h, are listed in Table 3. The tests were conducted on
cylindrical specimens, 5.1-mm diameter and 20.3 mm gauge length, in air at 289°C and 0.008 %/s strain
rate. The sensitization heat treatment had little effect on the tensile strength of the GG steel, whereas the
strength of Heat 10285 was decreased. For the irradiated SSs, the yield stress was estimated from the
correlation developed by Odette and Lucas107; the increase in yield stress (MPa) is expressed in terms of
the fluence (dpa) by the relationship

Aoy, =670 [1 - exp(-dpa/2)]°°. (20)

The ultimate stresses for the irradiated steels were estimated from the data in Ref. 108. The tensile yield
and ultimate stresses for the irradiated SSs are also given in Table 3. The tensile properties of the
sensitized material were used to determine the K/size criterion for nonirradiated and irradiated HAZ
specimens, both in the as—welded and as—welded plus thermally-treated conditions.

All specimens were fatigue precracked in the test environment at temperature and load ratio
R =0.2-0.3, frequency = 1-5 Hz, and Kmax ~15 MPa m1/2 (13.64 ksi in1/2). After 0.3-0.5 mm (12—
20 mil) crack extension, R was increased incrementally to 0.7, and the loading waveform changed to a
slow/fast sawtooth with rise times of 30-1000s. The loading history was then changed to a trapezoidal
waveform, R = 0.7, hold period at peak of 1 or 2 h, and unload/reload period of 24 s to measure SCC
growth rates. For some specimens, CGRs were also obtained under constant load. During individual test
periods, Kmax Was maintained approximately constant by periodic load shedding (less than 2% decrease
in load at any given time).

Under cyclic loading, the CGR (m/s) can be expressed as the superposition of the rate in air
(i.e., mechanical fatigue) and the rates due to corrosion fatigue and SCC, given as

aenv = aair + acf + aSCC' (21)
The CGRs in air, a; (m/s), were determined from the correlations developed by James and Jones109; it
is expressed as

4, = Css S(R) AK33/Tg , (22)

where R is the load ratio (Kmin/Kmax), AK is Kmax — Kmin in MPa m/2| Tg is the rise time (s) of the
loading waveform, and function S(R) is expressed in terms of the load ratio R as follows:
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S(R)=1.0 R<0
S(R)=1.0+1.8R 0<R<0.79
S(R) = -43.35 + 57.97R 0.79 <R <1.0. (23)

Function Cgs is given by a third—order polynomial of temperature T (°C), expressed as

Css =1.9142 x 10712 + 6.7911 x 1015 T - 1.6638 x 10-17 T2 + 3.9616 x 1020 T3, (24)

Environmental effects on fatigue crack growth of nonirradiated austenitic SSs have been investigated by
Shack and Kassner.110 In the absence of any significant contribution of SCC to growth rate, the CGRs in
water with ~0.3 ppm DO are best represented by the expression

oy = &g T45x10° (8, )05, (25)

and in water with =8 ppm DO by the expression,

aenv = aair

+1.5x10% (a,; )0>. (26)

alr

The CGR (m/s) under SCC conditions is represented by the correlation given in the U.S. NRC report
NUREG-0313, Rev. 2,101

agcc = A (K)216L, (27)

where K is the stress intensity factor (MPa m1/2), and the magnitude of constant A depends on the water
chemistry and composition and structure of the steel. A value of 2.1 x 10-13 for constant A has been
proposed in NUREG-0313 for sensitized SS in water chemistries with 8 ppm DO. The magnitude of
constant A will be smaller in low—-DO environments, such as HWC BWR or PWR environments.

All tests were started in high—purity water that contained 250-500 ppb DO (i.e., NWC BWR
environment). The electrochemical potential (ECP) of a Pt electrode and a SS sample located at the exit
of the autoclave was monitored continuously during the test; the water DO level and conductivity were
determined periodically. After data were obtained for high—-DO water, the DO level in the feedwater was
decreased to <30 ppb by sparging the feedwater with pure No or N> + 5% Hy. Because of the very low
water flow rates, it took several days for the environmental conditions to stabilize for the in—cell tests. In
general, the changes in ECP of the SS sample were slower than in the ECP of the Pt electrode. Because
of higher flow rates, the changes in water chemistry for the out—of—cell tests were significantly faster.

After the test the final crack size was marked by fatigue cycling in air at room temperature. The
specimens were then fractured, and the fracture surface of both halves of the specimen was photographed
with a telephoto lens through the hot cell window. The fracture surfaces of the out-of-cell test specimens
were examined by scanning electron microscopy (SEM). The final crack length of each half of the
fractured specimen was determined from the optical or SEM photograph by the 9/8 averaging technique,
i.e., nine measurements were taken across the width of the specimen at equal intervals, the two near—
surface measurements were averaged, and the resultant value was averaged with the remaining seven
measurements. The results were used to correct the crack length measurements, e.g., the crack extensions
determined from the DC potential drop method were proportionately scaled to match the final optically
measured crack length.
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The CGR during each test period was determined from the slope of the corrected crack length vs.
time plots; for cyclic loading, only the rise time was used to determine growth rate. The crack extension
during each test period was at least 10 times the resolution of the DC potential drop method, i.e., typically
5um. Thus, crack extensions were at least 50 um; for test periods with very low CGRs, e.g., less than
1 x 1011 m/s, smaller crack extensions were used to reduce testing time.

The CGR test results were validated in accordance with the specimen size criteria of ASTM E 1681
and E 647. These criteria require that the plastic zone at the tip of a fatigue crack is small relative to the
specimen geometry. The ASTM specifications for specimen K/size criteria are intended to ensure
applicability and transferability of the cracking behavior of a component or specimen of a given thickness
under a specific loading condition to a crack associated with a different geometry, thickness, and loading
condition. For constant load tests, ASTM E 1681 requires that

Berr and (W — a) >2.5 (K/Gys)?, (28)

where K is the applied stress intensity factor, oys is the yield stress of the material, a is crack length, W is
the specimen width, and specimen effective thickness Betf is defined in terms of the specimen thickness B
and net thickness By expressed as (B By)9S. For high strain-hardening materials, i.e., materials with an
ultimate-to-yield stress ratio (cu/oys) >1.3, both criteria allow the use of the flow stress defined as
Of = (Oulr + Oys)/2 rather than the yield stress.

The K/size criteria were developed for materials that show work hardening and, therefore, may not
be valid for materials irradiated to fluence levels where, on a local level, they do not strain harden. This
lack of strain hardening, or strain softening, is most dramatic when dislocation channeling occurs, but
may also occur at lower fluences. For moderate to highly irradiated material, an effective yield stress,
defined as the average of the nonirradiated and irradiated yield stresses has been suggestedl1l; this
discounts the irradiation—induced increase in yield stress by a factor of 2. In the present study, because of
the relatively low level of irradiation, flow stress was used to determine the allowed K,y for both
nonirradiated and irradiated SS weld HAZ specimens.

3.2.3 Crack Growth Tests on Irradiated Stainless Steels in BWR Environments

Crack growth tests have been completed in BWR environments at 289°C on 1/4-T CT specimens
of Types 304L and 304 SS HAZs irradiated to 5.0 x 1020 n/cm? (=0.75 dpa). The specimens for the tests
were obtained from the top shell Type 304L SS HAZ of the GG core shroud H5 SA weld (Specimens
GG5T-A and GG5T-B) and from the HAZ of a laboratory—prepared Type 304 SS SMA weld in two
conditions, e.g., as—welded (Specimen 85-7A) and as—welded plus thermally—treated for 24 h at 500°C
(Specimen 85-1A-TT). The significant results for the various tests are summarized below.

3.2.3.1 Specimen GG5T-A of Type 304L SS HAZ, Test CGRI-15

The Specimen GG5T-A test was started in high—purity water with =250 ppb DO and =10 mL/min
flow rate. The environmental and loading conditions, experimental CGRs, the allowed K,y from K/size
criterion, and the margin between the applied Knax and the allowed value are given in Table 4. The
changes in crack length and Ky« with time during various test periods are shown in Fig. 13. Precracking
was carried out at R=0.2-0.3, Kpa =12.5-13.5 MPa m¥2 and triangular waveform with 1 Hz
frequency. After ~0.2—-mm extension, R was increased incrementally to 0.7, and the loading waveform
changed to a slow/fast sawtooth with rise times of 60-1000s. For this specimen, environmental
enhancement occurred after ~200 h during test period 3b (Fig. 13a).
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Table 4. Crack growth results for Specimen GG5T-A2 of Type 304L HAZ in high—purity water at 289°C.

Test ECPC (o)) R Rise Down Hold Growth  Allowed Margin in

Test Time, mV (SHE) Conc.° Load Time, Time, Time, Kpnax AK, Rate, Kmax: Kmax,d
Period® h Pt Steel ppb Ratio s S s MPamY2 MPam2 m/s  MPaml? %
1 69 212 205 250 0.17 0.5 0.5 0 131 10.8 1.71E-08 28.1 -54
2a 74 212 205 250 028 05 0.5 0 13.0 9.3 3.11E-09 28.0 -54
2b 144 214 201 250 0.30 0.5 0.5 0 134 94 2.70E-09 28.0 -52
2c 165 214 201 250 032 05 0.5 0 14.2 9.7 1.06E-08 27.8 -49
3a 194 213 195 250 0.52 60 4 0 15.0 7.2 4.30E-11 27.8 -46
3" 215 213 195 250 0.52 60 4 0 16.2 7.8 1.61E-09 27.6 -42
4% 260 209 196 250 0.69 300 4 0 15.5 4.8 3.34E-10 275 -44
57 305 207 196 250 0.69 1000 12 0 15.5 4.8 3.89E-10 274 -43
6 355 206 196 250 0.70 60 12 0 16.2 4.8 3.01E-11 27.3 -41
7 378 205 199 250 0.71 60 12 0 17.6 51 8.03E-11 27.2 -35
8 482 199 193 250 0.51 30 4 0 17.5 8.6 8.57E-11 27.2 -35

aGrand Gulf H5 SA weld top shell HAZ, irradiated to 5.0 x 1020 n/cm2,

bAn asterisk indicates environmental enhancement of growth rates under cyclic loading.

Represents values in the effluent. Conductivity was =0.07 and 0.2 uS/cm in feedwater and effluent, respectively.
dBased on flow stress.

After 305 h, the specimen was overstrained to =<16.5 MPa m/2 due to a power bump. Although the
loading systems are interlocked to shut down in case of a power failure, for the small specimens used in
the irradiated tests, the internal pressure is sufficient to overload the specimen. The enhanced growth
rates observed prior to the interruption could not be restored even after Kpax was increased to
16.6 MPa mY2, The crack may have side branched due to overstrain, and the crack length and loading
conditions may no longer be accurately characterized; therefore, the test was terminated after =480 h.
Post—test measurements of the final crack front were not performed for this specimen. The specimen is
intact and could potentially be used to continue the CGR test.
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Figure 13. Crack—length—vs.—time plots for irradiated H5 weld HAZ Specimen GG5T-A in high—
purity water at 289°C during test periods (a) precracking-3, (b) 4-6, and (c) 7-8.
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Figure 13 (Contd.)
3.2.3.2 Specimen GG5T-B of Type 304L SS HAZ, Test CGRI-16

The Specimen GG5T-B test was started in high—purity water with ~350 ppb DO and =10 mL/min
flow rate. The test conditions, experimental CGRs, the allowed K.y from Ki/size criterion, and the
margin between the applied Kpyax and the allowed value are given in Table 5. The changes in crack length
and Kpax With time during various test periods are shown in Fig. 14. Precracking was carried out at
R~ 0.2-0.3, Kpnax = 13.0 MPa m%/2 (11.82 ksi in1/2), and triangular waveform with 1 Hz frequency. After
~0.2-mm extension, R was increased to 0.5, and the loading waveform was changed to a slow/fast
sawtooth with rise times of 30-300s. Finally, R was increased to 0.7. For this specimen environmental
enhancement occurred after =125 h during test period 2b (Fig. 14a).

After =575 h, the DO level in the feedwater was decreased from ~350 ppb to <30 ppb by sparging
the feedwater tank with N, plus 5% H, gas mixture. The change in crack length and ECP of Pt and SS
electrodes during the transient periods is shown in Fig. 15. The change in ECP was relatively fast; the
ECP decreased to —-400 mV (SHE) in =5 h for the Pt electrode, and it decreased to approximately
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Table 5. Crack growth results for Specimen GG5T-B2 of Type 304L HAZ in high—purity water at 289°C.

Test ECPC (o)) R Rise Down Hold Growth  Allowed Margin in

Test Time, mV (SHE) Conc.® Load Time, Time, Time, Kpax AK, Rate, Kinax Kmax.d
Period® h Pt Steel ppb Ratio s S s MPamY2 MPam2 m/s  MPaml? %
Pre 81 225 211 350 020 050 05 0 145 11.6 7.24E-09 28.1 -48
1 105 218 200 350 030 050 05 0 13.7 9.6 4.59E-09 28.0 -51
2a 122 216 206 350 0.50 60 4 0 134 6.7 negligible  28.0 -52
2b" 154 214 199 350 0.51 30 4 0 15.2 74 9.13E-10 27.8 -45
3" 221 211 199 350 0.49 300 4 0 155 7.9 2.82E-10 27.6 -44
4" 296 204 200 350 0.70 300 4 0 15.6 4.7 2.35E-10 274 -43
57 362 229 200 350 0.68 1,000 12 0 155 5.0 2.98E-10 27.2 -43
6 433 201 176 350 0.69 300 12 3,600 15.6 4.8 6.75E-10 26.7 -42
7 530 220 204 350 1.00 - - - 15.9 0.0 4.24E-10 26.4 -40
8 584 215 202 350 0.69 300 12 9,700 16.1 5.0 5.62E-10 26.1 -38
9 724 532 -285 350 0.69 300 12 9,700 15.8 4.9 negligible  26.0 -39
10 893 -533 -530 350 0.69 300 12 - 15.9 4.9 negligible  26.0 -39

aGrand Gulf H5 SA weld top shell HAZ, irradiated to 5.0 x 1020 n/cm2.

bAn asterisk indicates environmental enhancement of growth rates under cyclic loading.

Represents values in the effluent. Conductivity was =0.07 and 0.2 uS/cm in feedwater and effluent, respectively.
dBased on flow stress.

—200 mV in 24 h and then gradually to =550 mV in the next ~300 h for the SS electrode. In the low-DO
environment, crack growth essentially stopped under both trapezoidal and saw-tooth loading waveforms.

After the test, the final crack size was marked by fatigue cycling at room temperature in air. The
specimen was then fractured, and the fracture surface of both halves of the specimen was photographed
with a telephoto lens through the cell window. A photomicrograph of the fracture surface of both halves
of the specimen is shown in Fig. 16. The final crack length was measured from the photograph by the 9/8
averaging technique; the difference in measured and estimated crack lengths was <5%.
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Figure 14. Crack—length—-vs.—time plots for irradiated H5 weld HAZ Specimen GG5T-B in high—
purity water at 289°C during test periods (a) precracking-3, (b) 4-7, and (c) 8-10.
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Figure 15. Change in crack length and ECP of Pt and SS electrodes when the DO level in

feedwater was decreased from =350 to <30 ppb.
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Figure 16.
Photomicrograph of the fracture surface
of Specimen GG5T-B.

3.2.3.3 Specimen 85-1A-TT of Type 304 SS HAZ, Test CGRI-18

The Specimen 85-1A-TT test was started in high—purity water with =200 ppb DO and flow rate of
~10.0 mL/min. The test conditions, experimental CGRs, the allowed K. from the K/size criterion, and
the margin between the applied and allowed values of K, are given in Table 6.

Precracking was carried out at R~ 0.2, Kpa~13.5 MPa m¥2 (12.27 ksi in1/2), and triangular
waveform with 1 or 2 Hz frequency. After =0.25-mm extension, R was increased to 0.7, and the loading
waveform changed to a slow/fast sawtooth with rise times of 60-1000s. After ~600 h the feedwater
cover gas was changed from a mixture of N, + 1% O, to N, + 5% H,. The changes in crack length and
ECP of Pt and SS electrodes during the transient period are shown in Fig. 17. During test period 7, the
ECP decreased to below —-500 mV (SHE) within 10 h for the Pt electrode and decreased to below -
200 mV (SHE) after =48 h for the SS sample. In low-DO water, the CGR, under the same loading
condition, decreased by a factor of =5 relative to that in high—-DO water.

Table 6. Crack growth results for Specimen 85-1A-TT2 of Type 304 SS SMA weld HAZ in high—purity
water at 289°C.

Test ECPC 0, R Rise Down Hold Growth  Allowed Margin in

Test Time, mV (SHE) Conc.® Load Time, Time, Time, Kpax AK, Rate, Kinax Kmax.d
Period® h Pt Steel ppb Ratioc s S s MPamY2 MPam2 m/s  MPaml? %
Prea 98 229 163 200 017 025 0.25 0 14.7 12.2 2.64E-08 30.5 -52
Preb 101 228 161 200 024 050 0.0 0 14.0 10.7 2.10E-08 30.3 -54
la 145 213 166 200 0.50 60 4 0 15.4 7.7 negligible 30.3 -49
1b* 217 203 175 200 050 1,000 4 0 16.0 8.0 4.80E-10 30.2 -47
2* 262 201 178 200 0.70 300 4 0 17.0 51 3.55E-10 29.9 -43
3* 314 199 172 250 071 1,000 12 0 17.3 5.0 3.37E-10 29.8 -42
4 411 197 182 250 0.70 300 12 3,600 17.6 0.0 2.55E-10 295 -40
5 479 203 188 250 0.70 300 12 9,700 17.6 0.0 1.74E-10 29.4 -40
6 605 175 185 250 0.70 300 12 9,700 19.8 0.0 2.78E-10 29.1 -32
7 746 526  -258 <30 0.70 300 12 9,700 20.5 0.0 5.73E-11 29.0 -30

a_aboratory—prepared Type 304 SS (Heat 10285) SMA weld HAZ, irradiated to 5.0 x 1020 n/cm?2.

bAn asterisk indicates environmental enhancement of growth rates under cyclic loading.

Represents values in the effluent. Conductivity was =0.07 and 0.2 uS/cm in feedwater and effluent, respectively.
9Based on flow stress.
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Figure 17. Change in crack length and ECP of Pt and SS electrodes when the DO level in
feedwater was decreased from =250 to <30 ppb.

After the CGR test was completed, a J-R curve test was performed on the same specimen at 289°C
in high—purity water with ~250 ppb DO. The test was conducted at a constant extension rate in
accordance with ASTM specification E 1737 for “J-Integral Characterization of Fracture Toughness.”
The test was interrupted periodically (by holding the specimen at constant strain) to measure the crack
length by the DC potential drop method. Specimen extension was monitored and controlled outside the
high—temperature zone.

After the J-R curve test, the final crack front was marked by fatigue cycling at room temperature in
air. The specimen was then fractured, and the fracture surface of both halves of the specimen was
photographed with a telephoto lens through the cell window (Fig. 18). The final crack length was
measured from the photograph by the 9/8 averaging technique; the difference in measured and estimated
crack lengths was <5%. The crack extensions estimated from the DC potential drop method were 0.71
and 0.82 mm for the CGR and J-R curve test portions, respectively.

Figure 18.
Photomicrograph of the fracture surface
of Specimen 85-1A-TT.
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Figure 19. Micrograph of the fracture surface of Specimen 85-1A-TT tested in BWR environments.

The fracture surface was also examined by SEM to verify the crack extensions during CGR and
J-R tests and to characterize the fracture morphology. A micrograph of the entire crack extension,
i.e., for both the CGR and J-R curve test, is shown in Fig. 19; high magnification micrographs of areas
marked A-E are shown later in Figs.21-23. Once again, the crack front is relatively straight.
Measurements of the final crack length show very good agreement with the values estimated from the DC
potential drop method and those measured earlier from photographs of the fracture surface; the difference
in measured and estimated crack lengths was <5%.

The changes in crack length and K,y with time during various test periods are shown in Fig. 20.
In general, the DC potential measurements show very little scatter; the fluctuations in Kp,x at 400-600 h
were caused by changes in the system pressure. For this specimen, environmental enhancement occurred
after =190 h during test period 1b (Fig. 20a). Also, the results in Table 6 indicate that for this specimen,
the applied Knax during all test periods was within the values allowed by the K/size criterion.
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Figure 20. Crack—length—vs.—time plots for irradiated SMA weld HAZ Specimen 85-1A-TT in high—purity
water at 289°C during test periods (a) 1-2, (b) 3-5, and (c) 6-7.
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Figure 20 (Contd.)

A significant feature of the fracture surface is the essentially intergranular (IG) nature of the
fracture during the J-R curve test in high-DO water, in contrast to the ductile fracture morphology
expected in a J-R test in air. High magnification micrographs at locations A-E in Fig. 19 are shown in
Figs. 21-23. These locations correspond to the portion of the fracture surface associated with the J-R
curve test. All except location E, which is near the end of the test, show predominantly 1G fracture.
Some facets show an increased degree of deformation (e.g., Fig. 21), and occasional TG areas occur with
stepped or terrace-like fracture planes.

A section of the entire crack extension is shown in Fig. 24a, and high—-magnification micrographs
of select locations of the fracture surface, designated A-D in Fig. 24a, are shown in Figs. 24b—e. A
measurement bar is also included in Fig 24a to help define the approximate position of the crack front
after the various test periods. The micrographs of locations A-C in Figs. 24b—d are from the CGR test
region, and location D in Fig. 24e is from the J-R curve test. For the CGR test, the fracture morphology
is TG initially and changes to 1G beyond ~0.27 mm (Fig. 24a). These results show good agreement with
the measured CGRs; an environmental enhancement of growth rates occurred after ~0.26-mm crack
extension.
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c d
Figure 21. Micrographs showing the fracture surface of Specimen 85-1A-TT at positions A and B in
Fig. 19. Figures b and d are high magnification of a and c.

a b
Figure 22. Micrographs showing the fracture surface of Specimen 85-1A-TT at position C in Fig. 19.
Figure b is high magnification of a.
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c d
Figure 23. Micrographs showing the fracture surface of Specimen 85-1A-TT at positions D and E in
Fig. 19. Figures b and d are high magnification of a and c.

The experimental results from the J-R curve test were analyzed in accordance with ASTM E-1737
to obtain the fracture toughness J-R curve for Specimen 85-1A-TT in BWR water. The displacement of
load pins was determined by subtracting the extension of the load train from the measured extension. The
load train extension was determined as a function of applied load using a very stiff specimen. The
blunting line was defined by the relationship Aa = J/(405), where os is the effective flow stress.
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(a) (b)
Figure 24. Photomicrographs showing (a) a slice of the entire length of the fracture surface and
high—magnification photomicrographs of the fracture surface at positions (a) A, (b) B,

(c) C, and (d) D.
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The curves for load-vs.—load-line displacement and the fracture toughness of Specimen 85-1A-TT
are shown in Figs. 25 and 26, respectively. The results yield a Ji; value of ~345 kJ/m2 (1970 in-Ib/in2)
for the material. This value is lower than those observed earlier!12 for other heats of austenitic SS in air;
the Ji. values were 368 and 378 kJ/m2 (2101 and 2158 in-Ib/in2), respectively, for Type 304 and
Type 316L SS irradiated to 0.9 x 1021 n/cm2.

Thermally Treated 24 h at 500°C
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3.2.3.4 Specimen 85-7A of Type 304 SS HAZ, Test CGRI-20

The test conditions, experimental CGRs, the allowed K.« from K/size criterion, and the margin
between the applied and allowed values of K.y are given in Table 7 for Specimen 85-7A. The test was
started in high—purity water with =500 ppb DO and flow rate of =10.0 mL/min. The ECP of a Pt
electrode and a SS sample located at the exit of the autoclave was monitored continuously during the test,
while the water DO and conductivity were determined periodically. Precracking was carried out at R
=0.2, Kmax = 15.5 MPa m¥2 (14.1ksi in1/2), and triangular waveform with 1-Hz frequency. After
~0.1 mm (3.9 mil) crack growth the load ratio was increased to 0.5, and the rise time increased to
60-1000 s to begin the transition from TG fatigue crack growth to IG SCC growth. The changes in crack
length and Kpax With time during various test periods are shown in Fig. 27. For this specimen, significant
environmental enhancement of growth rates occurred during test period 5 (Fig. 27b).
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Table 7. Crack growth data for Specimen 85-7A of SS SMA weld HAZ in high—purity water? at 289°C.

Test ECPC 0, R Rise Down Hold Growth  Allowed Margin in

Test Time, mV (SHE) Conc.,© Load Time, Time, Time, Kpax AK, Rate, Kinax Kmax.d
Period® h Pt Steel ppb Ratio s s s  MPaml/2 MPaml/2 m/s MPa-m1/2 %
Pre 166 261 224 500 023 05 05 0 16.7 129 2.77E-08 29.7 -44
1 187 258 225 500 0.50 60 4 0 16.6 8.3 negligible  29.7 -44
2 428 244 219 500 051 300 4 0 16.5 8.1 2.09E-11  29.6 -44
3 499 245 221 500 050 1000 12 0 17.2 8.6 negligible  29.6 -42
4 608 234 211 500 053 1000 12 0 18.1 85 4.65e-11 29.6 -39
5 763 229 209 500 050 1000 12 0 19.3 9.6 4.28e-10 29.1 -34
6* 788 231 212 500 050 1000 12 3600 19.7 9.8 9.51e-10 28.8 -32
7 845 221 214 500 1.00 - - - 20.5 0.0 9.46e-10 28.3 -28
8 1100 -527 -252 <50 1.00 - - - 21.0 0.0 1.55E-11  28.0 -25

a_aboratory—prepared SMA weld HAZ, irradiated to 0.5 x 1021 n/cm2,

bAn asterisk indicates environmental enhancement of growth rates under cyclic loading.

CRepresents values in the effluent. Conductivity was =0.07 and 0.3 uS/cm in feedwater and effluent, respectively.
dBased on flow stress.
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Figure 27. Crack—length—vs.—time plots for irradiated SMA weld HAZ Specimen 85-7A in high—purity
water at 289°C during test periods (a) 1-3, (b) 4-5, and (c) 6-8.

45



670 T T T T T T T T T T T T T — 26
[ Type 304 SMA Weld HAZ (Heat 10285) 1
Test CGRI-20 (Spec. 85-7A) 7
6.60 Fluence 0.5 x 102! n/cm? ]
B R negligible CGR 24
(920 — 1000 s) os 1
11 K __ =21.0 MPam®
— L 1.55x 10 m/s max
€ 6.50 9.46 x 101 m/s ; 1.0 MPa m®S Constant Load .
E T 20.5 MPa m05 [ ; 422
= Constant Load i Crack Length Constant Load E
5 ‘ g
T 6.40| | s
2 L i £
x L ' — 20 %
& : F
© 630 . ‘ ]
L Kl Kmax - 18
% 9,51 x 100 m/s, 19.7 MPa m®5 ' - i
' > 289°C, High—Purity Water
6.20 Foi 0.50, 1000 s Rise,, 3600 s Hold DO decreased from =500 to <50 ppb after 850 h
E S S R S N S S R S ARSI
750 800 850 900 950 1000 1050 1100 1150
Time (h)
(©

Figure 27. (Contd.)

After the CGR test, the final crack front was marked by fatigue cycling at room temperature in air.
The specimen was then fractured, and the fracture surfaces of both halves of the specimen were
photographed with a telephoto lens through the cell window (Fig. 28). The actual crack extension was
~80% greater than the value determined from the DC potential measurements. Crack extensions
estimated from the DC potential drop method were scaled proportionately; the corrected values of Kpax
and growth rates are listed in Table 7. For this specimen, loading conditions for the entire test satisfy the
K/size criterion.

Figure 28. Photomicrograph of the fracture surface of Specimen 85-7A.

3.2.4 CGRs of Austenitic SS Weld HAZ under Continuous Cycling

For continuous cyclic loading, the experimental CGRs for irradiated SS weld HAZ specimens in
high—-DO environment and those predicted in air for the same loading conditions are plotted in Fig. 29.
Results from tests performed earlier on nonirradiated material are also included in the figures.102 The
curve represents the Shack/Kassner model for nonirradiated austenitic SSs in high—purity water with
8 ppm DO (Eg. 26) and is included to provide a comparison with the irradiated CGR data. The CGRs in
air, a,, (m/s), were determined from the correlations developed by James and Jones109 (Egs. 22-24). In
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Figure 29. CGR for irradiated and nonirradiated specimens of (a) laboratory—prepared Type 304 SS
SMA weld HAZ and (b) Type 304L SA weld HAZ from the Grand Gulf core shroud under
continuous cycling in high—purity water at 289°C.

Fig. 29, the loading conditions for the data points shown with a “+” did not satisfy the K/size criterion of
ASTM E-647.

In these figures, the data points that lie along the diagonal represent predominantly mechanical
fatigue, and those that lie close to the Shack/Kassner model indicate environmentally enhanced crack
growth. For both irradiated and nonirradiated specimens, enhancement of CGR did not occur readily
when the load ratio and rise time were increased. For example, a large number of data points lie along the
diagonal in Fig. 29, particularly for the GG Type 304L weld HAZ. The applied Kmax had to be increased
for enhanced growth rates.

The results indicate that under mechanical fatigue loading (i.e., no environmental enhancement),
the CGRs for the GG Type 304L SA weld HAZ are lower than those for the Type 304 SMA weld HAZ,
e.g., the CGRs for laboratory—prepared weld HAZ (Fig. 29a) show good agreement with those predicted
by Eqgs. 22-24, while those for the GG weld HAZ are a factor of =3 lower (dashed line in Fig. 29b). Also,
under this type of loading, thermal treatment of the material for 24 h at 500°C or irradiation to
5.0 x 1020 n/cm?2 (E > 1 MeV) (=0.75 dpa) has little or no effect on growth rates.

In the high—-DO NWC BWR environment (under environmentally enhanced condition), the CGRs
of the laboratory—prepared Type 304 SS SMA weld HAZ (Fig. 29a) and those of the GG Type 304L SA
weld HAZ (Fig. 29b) are comparable. Also, thermal treatment of the material for 24 h at 500°C has little
or no effect on growth rates. The results for nonirradiated GG weld HAZ are in good agreement with the
data obtained by Andresen et al.1095 for GG Type 304L weld HAZ in high-DO water (2000 ppb DO) at
288°C. For example, Andresen obtained a CGR of 3.4 x 1010 m/s at R = 0.7, Kax = 27.4 MPa m1/2, and
triangular waveform with 500—-s rise time.
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For both the GG and laboratory—prepared weld HAZs, irradiation to ~0.75 dpa appears to increase
the CGRs marginally. In high-DO NWC BWR water, the CGRs for irradiated and nonirradiated
thermally—treated HAZ and irradiated as—welded HAZ may be represented by the Shack/Kassner model
for nonirradiated austenitic SSs in high—purity water with 8 ppm DO.

Metallographic examination of the fractured specimens indicates that under environmentally
enhanced growth conditions (i.e., the data points that lie close to the Shack/Kassner model), an IG
fracture morphology is observed for both the irradiated and nonirradiated laboratory—prepared
Type 304 SS weld HAZ (Fig. 19). Transgranular fracture morphology is observed under conditions that
show little or no environmental enhancement (i.e., data points that lie close to the diagonal in Fig. 29a)
and is predominantly due to mechanical fatigue. Although metallographic examination of the irradiated
GG Type 304L HAZ has not been completed, the results obtained earlier for the nonirradiated material
indicate that the fracture morphology of GG Type 304L HAZ is different from that for Type 304 SMA
weld HAZ. For example, in the GG Type 304L HAZ, a TG fracture morphology with a well-defined
river pattern is observed under all loading conditions, even where growth is environmentally enhanced.
Intergranular fracture morphologies are usually observed in cold—worked SSs, whether initially annealed
or sensitized.103.105.106 Because of the residual strain associated with the welding process, the observed
TG fracture morphology is not expected in SS weld HAZ, especially for a case in which the environment
enhancement is substantial. The reasons for this unexpected behavior are unclear.

3.2.6 CGRs of Austenitic SS Weld HAZ under Constant Load or Cycling with Long Hold Periods

For CGR tests under constant load or a trapezoidal waveform with long hold periods (i.e., constant
load with periodic partial unloading), the experimental CGRs for irradiated SS weld HAZ specimens in
high— and low-DO BWR environments are shown in Fig. 30b and those for nonirradiated SS weld HAZ
specimens in Fig. 30a. Because of relatively low flow stress of the nonirradiated materials, the applied
Kmax for most of the test periods did not satisfy the K/size criterion of ASTM E-1681; these data points
are shown with a “+” in Fig. 30a. In addition, for the Type 304 SS SMA weld HAZ specimen (data
shown as triangles in Fig. 30a), the fracture plane was not normal to the stress axis but at an angle of 45°
to the stress axis.

For nonirradiated GG Type 304L weld HAZ, although some of the data did not meet the K/size
criterion of ASTM E-1681, the as—welded (right angle triangles in Fig. 30a) and as—welded plus
thermally—treated (circles in Fig. 30a) materials have comparable CGRs. For both conditions, the CGRs
are a factor of =2 lower than the NUREG-0313 curve for sensitized SSs in water with 8 ppm DO. These
results are in good agreement with the CGR of 1 x 10710 m/s obtained by Andresen et al.105 for the GG
Type 304L weld HAZ in high—-DO water (2000 ppb DO) at 288°C and Kpmax = 27.4 MPaml/2,  As
discussed above, the CGRs for nonirradiated thermally—treated Type 304 SS weld HAZ (open triangle in
Fig. 30a) should be discounted; for this material, the loading conditions did not meet the K/size criterion
and fracture plane was at 45° to the stress axis.

The fracture morphology of the two materials is also different, e.g., TG for the Type 304L SA weld
HAZ and IG for the Type 304 SMA weld HAZ. As discussed in the last section, a TG morphology is
unusual in SS weld HAZ, e.g., the presence of residual strain in the material typically promotes IG crack
growth even in nonsensitized SS.103.105106 An |G fracture occurred in all cold—worked SSs. Additional
tests will be conducted on the nonirradiated GG Type 304L weld HAZ to establish its fracture behavior.
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Figure 30. CGR under constant load with periodic partial unloads for (a) nonirradiated and
(b) irradiated SS weld HAZ specimens in high—purity water at 289°C.

Irradiation to 5.0 x 1029 n/cm? (=0.75 dpa) increased the growth rates of all SS weld HAZ
materials. The CGRs of irradiated HAZ specimens are a factor of 2-5 higher than those predicted by the
NUREG-0313 disposition curve for sensitized SSs in high-DO water. The fracture morphology for
irradiated Type 304 weld HAZ is similar to the nonirradiated material, e.g., fracture morphology is IG
under environmentally enhanced or SCC conditions, and TG under mechanical fatigue or conditions that
show little or no environmental enhancement.

A beneficial effect of reducing the corrosion potential of the environment was observed for all
materials that were tested in the BWR environment. The growth rates of irradiated or nonirradiated
Type 304 weld HAZ decreased by a factor of =8, and those for irradiated Type 304L weld HAZ
decreased by nearly two orders of magnitude, when the DO was decreased from =300 ppb to <30 ppb.

3.2.7 Fracture Toughness of Irradiated Austenitic SS Weld HAZ in High-Purity Water at 288°C

The fracture toughness J-R curve was determined for irradiated Type 304 SS SMA weld HAZ
(Specimen 85-1A-TT) in high-DO water at 288°C. The experimental Jj; for this material and those
obtained earlier!12 for two commercial heats (C19 and C16) in air are plotted as a function of neutron
exposure in Fig. 31. Results of tests on Type 304 SS reactor internal materials from operating BWRs86
are also included in the figure. The fracture toughness Jic in high-DO water is slightly lower than that in
air. Also, a significant result for the J-R curve test in high—-DO water is the essentially 1G fracture
morphology (Figs. 21 and 22) as opposed to the ductile fracture morphology expected in a test in air.
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3.2.8 Metallographic Examination of the Fracture Surface of CGR Test Specimen C3-C

Crack growth tests on Type 304L Heat C3 and Type 316L SS Heat C16 irradiated to fluence levels
of 0.45, 1.35, and 3.0 dpa indicate significant enhancement of CGRs for irradiated steels in the NWC
BWR environment.100 The CGRs of Heat C3 irradiated to 1.35 and 3.0 dpa and of Heat C16 irradiated to
3.0 dpa are comparable and a factor of =5 higher than the disposition curve proposed in NUREG-0313101
for sensitized austenitic SSs (Fig. 32). Also, in the HWC BWR environment, the CGRs decreased by an
order of magnitude for Heat C3 irradiated to 1.35 dpa (open and closed circles in Fig. 32) and Heat C16
irradiated to 3.0 dpa (open and closed right-angle triangles). However, the benefit of HWC was not
observed in a test on Heat C3 (Specimen C3-C) irradiated to 3.0 dpa (open and closed triangles).100 A
detailed metallographic examination of the fracture surface of Specimen C3-C was performed to
determine whether the lack of beneficial effect of HWC observed for this specimen was associated with
the possible loss of constraint in the specimen due to high applied load.

For this test, the environmental and loading conditions, experimental CGRs, allowed K from
K/size criterion, and the deviation of applied Kmnax from the allowed value are given in Table 8. The
results indicate that the applied Kmax meets the K/size criterion for test periods 1-5 and is =23 and 53%
higher than the allowed value for periods 6 and 7, respectively. Figure 33 shows the change in crack
length and Kpax With time during periods 6 (=200-311 h) and 7 (=400-540 h). The crack length vs. time
plot shows little or no change in CGR during these two test periods when the DO level was decreased
from =400 to 20 ppb. For this specimen, either there is no benefit of a low-DO environment on CGRs or,
if there is a benefit, it seems to have been completely balanced by the increase in CGR because of the loss
of specimen constraint due to high applied Kpmax.
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Table 8. Crack growth results for Specimen C3-C of Type 304 SS2 in high—purity water at 289°C.

Test ECP, 0, Rise  Hold Growth ~ Allowed Deviation Crack
Test  Time, mV (SHE)P Conc.” Load TimeS Time, Kmax. AK, Rate, Kmaxr  INKmax, Lengthd
Period h Pt Steel ppb  Ratio s s MPam2 Mpam!? m/s MPa m1/2 % mm

1 46 241 164 300 0.26 2 0 19.0 14.0 2.00E-08 224 -15 6.702
2 71 223 155 300 0.53 30 0 19.5 9.2 2.22E-09 221 -12 6.830
3 99 235 167 300 0.70 300 0 20.0 6.0 1.73E-09 21.8 -9 6.977
4 142 232 164 300 0.69 1000 0 204 6.3 1.25E-09 214 -5 7.167
5 191 233 164 300 0.70 2 3600 20.6 0.0 6.83E-10 211 -2 7.294
6 311 -450 7 100 0.70 2 3600 25.1 0.0 5.07E-10 205 23 7.572
7 560 -547 -294 10 0.70 2 3600 29.1 0.0 6.91E-10 19.1 53 8.171
8 706 -551 -502 10 0.70 2 3600 36.4 0.0 2.04E-09 16.4 122 9.154
9 724 -557 -457 10 0.70 2 3600 38.6 0.0 3.70E-09 15.8 144 9.367

3Heat C3, irradiated to 2.0 x 1021 n/cm2.
Represents values in the effluent. Conductivity was 0.07 and 0.3 uS/cm in feedwater and effluent, respectively. Feedwater pH at room
temperature was 6.5.

CIn all cases, return time was 2 s.

dinitial and final crack length of 6.000 and 10.047 mm, respectively.
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Figure 33. Plots of crack length and Kyax vs. time for Specimen C3-C in high—purity water at 289°C
during test periods 6 and 7.
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Stress corrosion cracking of materials in LWR environments involves two steps: rupture of the
surface oxide film to expose the underlying matrix and environmental attack of the exposed matrix by
dissolution or other processes. The rupture of the surface film is controlled by mechanical factors, and
environmental attack is controlled by material and environmental factors. Figure 32 shows that the CGRs
of irradiated SSs typically decrease by more than an order of magnitude when the DO level is decreased
from =300 to 20 ppb. To completely balance the decrease in growth rates from a change in environment,
the increase in CGR due to loss of specimen constraint must be at least a factor of 10. A loss of specimen
constraint that results in such a large increase in growth rate would also influence the fracture mode. For
example, if the thickness criterion is exceeded, the crack plane will be out-of-normal near the edges of
the specimen, and if the specimen ligament criterion is exceeded the crack would grow away from the
normal plane.

The fracture morphology of the specimen was examined to investigate the effect of low DO on
growth rates. To reduce the exposure to the SEM operator, the fracture surface was initially cut away
from the fractured CT specimen using a Charmilles—Andrew Model EF330 traveling—wire electro—
discharge machine (EDM). However, because activity of the thin slice of the fracture surface was still
>20 R/h on contact, exceeding the maximum allowable activity of 10 R/h inside the SEM, several thin
(1-mm wide) slices of the fracture surface along the entire crack advance were cut from the fracture
surface. Two such slices were examined in the SEM. Although precautions were taken to ensure that the
specimen was square to the movement of the EDM wire, the cuts were not always straight.

Measurements of total crack extension from micrographs of the fracture surface of the two slices
yielded an average value of =~4.3 mm; this is slightly larger than the 4.06 mm obtained from the
photograph, taken with a telephoto lens through the hot cell window, of the fracture surfaces of the two
halves of the specimen. The difference in the two measurements is most likely due to slight variation in
crack extension across the width of the specimen.

Figure 34 shows a side view of the first slice cut from Specimen C3-C. The fracture surface is
towards the top, in a plane perpendicular to the picture. The fracture plane is relatively straight and
normal to the stress axis for the initial =<3.5-mm crack extension and deviated from the normal plane for
longer crack extensions. A secondary crack propagates at an angle of =45° to the original fracture plane.
The DO level in the environment decreased from =400 to 20 ppb at =1.7-mm crack extension, i.e., in the
middle of this relatively straight crack extension that is ~3.5 mm.

These results do not indicate any obvious loss of constraint in the specimen due to high applied
load. For specimen C3-C, the water chemistry was changed from NWC to HWC (by decreasing the DO
level from ~400 to 20 ppb) at ~1.7-mm crack extension, i.e., in the middle of the relatively straight crack

Figure 34. Side view of the first slice cut from Specimen C3-C.
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extension that is =3.5 mm. Most likely, the specimen ligament criterion was exceeded beyond the
3.5 mm crack extension, i.e., during Test Period 9.

A collage of images taken from the entire crack extension for the first slice is shown in Fig. 35a,
and high—-magnification photomicrographs of the surface at locations 2 and 1 are shown in Figs. 35b and
c, respectively. After the initial ~<0.6-mm-long TG crack, the fracture morphology for the specimen is
completely 1G for the remainder of the test. The transition from a TG to IG fracture appears to have
occurred at ~80 h, i.e., during test period 2. Locations 1 and 2 represent regions near the end of TG
fracture and start of I1G fracture, respectively.

A composite photograph of the fracture surface of the second slice from Specimen C3-C is shown
in Fig. 36a, and high—-magnification photomicrographs of the fracture surface at locations D, C, B, and A
are shown in Figs. b, c, d, and e, respectively. These locations represent the fracture morphology during
test periods 2, 3, 6, and 7, respectively. Once again, after the initial TG fracture during test period 1, the
fracture morphology during all other test periods is completely 1G. No fractographic indication of a
change in fracture mode due to a loss in constraint is evident at the =~1.6—-mm crack advance. The fracture
surface edge is also visible in Fig. 36a. The fracture plane appears to be absolutely straight and normal to
the stress axis. Also, although the fracture surface is covered with oxides that seem to have been
deposited from the solution, the fracture morphology for test periods 6 and 7, i.e., Figs. 36b and c, is the
same.

(@)

(b) (c)
Figure 35. (a) A photograph of the entire crack extension for the first slice of Specimen C3-C and
(b) and (c) high—magnification micrographs of the surface at locations 2 and 1, respectively.
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Figure 36. (a) Photograph of the fracture surface of the second slice of Specimen C3-C and high—
magnification micrographs of the surface at locations (b) D, (c) C, (d) B, and (e) A.
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These results suggest that although the proposed specimen size criterion of Eq. 28 was not met at
the time when the DO level was decreased from =400 to 20 ppb, i.e., at =1.6-mm crack extension
between test periods 6 and 7, there is no fractographic indication of a loss in constraint in the specimen.
However, the specimen constraint may have been lost at the start of test period 9, i.e., after the ~3.5 mm
crack extension. The CGR data on Specimen C3-C suggest that a low—DO environment may not be a
benefit for Heat C3 irradiated to ~3.0 dpa, at least at K values above 25 MPa mY/2. Additional data on
Types 304 and 316 SS irradiated to 3-5 dpa are needed to better establish the effect of decreased DO
level on the CGRs of irradiated austenitic SSs.
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4 Causes and Mechanisms of Irradiation-Assisted Cracking of
Austenitic Stainless Steel in PWRs

4.1 Introduction

Field failures have been reported in various PWR core internal components fabricated from
austenitic SSs, such as baffle bolts, control rod cladding, pins, keys, and bolts. Many of the failed
components were fabricated from cold-worked materials of Types 316, 347, and 304 SS. Typically,
failures of PWR core internals are IG and are observed at neutron-damage levels more than an order of
magnitude higher (i.e., >10 dpa) than the threshold damage level of BWR core internals (i.e., =<0.7 dpa).
At this time, the database and mechanistic understanding of PWR core internals are very limited, and it is
not clear if the failures should be classified as IASCC or IAC.

The objectives in this task are to evaluate the susceptibility of austenitic SS core internals to IAC in
PWRs as a function of the fluence, water chemistry, material chemistry, and cold-work. The program
will focus on: (a) evaluation of the effects of PWR-like high fluence on susceptibility to IASCC,
(b) neutron irradiation embrittlement, e.g., loss of fracture toughness, (c) void swelling behavior in
austenitic SSs, (d) effect of cold-work and solution anneal, (e) fracture toughness and SCC behavior of
cast duplex SSs at high fluence, and (f) effectiveness of mitigative measures, such as optimization of
ferrite content, grain-boundary engineering, and minimization of S concentration. Tests will be
conducted on SS specimens irradiated in the BOR-60 reactor in Russia.

4.2 Irradiation of Austenitic Stainless Steels in the BOR-60 Reactor
(H. M. Chung and W. K. Soppet)

An experiment has been initiated to irradiate specimens of various types of materials and geometry
under PWR-like conditions. The irradiation experiment is being conducted in cooperation with the CIR
Program. Irradiation of the specimens is being performed in the BOR-60 Reactor, a sodium-cooled
breeder reactor located in the Research Institute of Atomic Reactors (RIARs), Dimitrovgrad, Ulyansk
Region, Russian Federation.

Irradiation of tensile and TEM disk specimens to =5, 10, and =20 dpa in lIrradiation Cycle BORIS-6
has been completed in flowing sodium maintained at 322.1-322.6°C (611.8-612.7°F). After irradiation,
48 tensile specimens (contained in 12 bundles) and 166 disk specimens (contained in four capsules) were
discharged. After the specimens were cleaned of sodium at the Westinghouse Electric Co. in Pittsburgh
they were shipped to ANL in a 55-gal drum (WRD-871). The irradiated specimens were successfully
unloaded from the drum and transferred to the Irradiated Materials Laboratory hot cell for testing.
Further irradiation of specimens to ~40 dpa in Irradiation Cycle BORIS-7 continues in the second part of
the campaign. Eight more bundles containing 32 tensile specimens are being irradiated.

Tests performed on the materials irradiated in the Halden BWR reactor have also been used to gain
some insight into potential mechanisms for IASCC that are also relevant to PWRs. After exposure to the
conditions of the SSRT test in BWR water, susceptibility to IG cracking in an inert environment has been
determined by rapid bending in air at 23°C (73°F). Similar tests were also performed on hydrogen-
charged specimens in vacuum. Both types of bend fracture exhibited similar characteristics, suggesting
that in both cases hydrogen-induced IG failure occurred. However, steels that showed high susceptibility
to IGSCC in 289°C (552°F) water exhibited low susceptibility to 1G cracking in the tests at 23°C air or
vacuum, and vice versa. These results indicate that although 1G cracking in 23°C air is dominated by H-
induced embrittlement of ordinary grain boundaries, other processes control IASCC in 289°C water.
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On the basis of these investigations, and studies on binary Ni-S and crack-tip microstructural
characteristics of LWR core internal components reported in the literature, an initial IASCC model based
on a crack-tip grain-boundary process that involves S has been proposed. In this model, several factors
play key roles: grain-boundary segregation of Ni and S, formation of grain-boundary oxide in front of the
crack tip, formation of Ni- and S-rich thin films, formation of islands between the oxide and metal
matrix, and disorder—induced melting or amorphization of the Ni-S thin films and islands at sufficiently
high concentration of S. These results were presented earlier.113

4.3 Assessment of Void Swelling in Austenitic Stainless Steel Core Internals
(H. M. Chung)

As many PWRs age and life extension of the aged plants is considered, void swelling behavior of
austenitic SS core internals has become the subject of increasing attention. Excessive void swelling can
lead to dimensional instability of the component and significant degradation of fracture toughness. It
could also influence or contribute to the susceptibility of the component to IASCC, stress relaxation, or
irradiation embrittlement.

Because of experimental problems largely related to the salvaging and handling of large, highly
irradiated reactor components, it is either very difficult or impractical to obtain directly applicable void
swelling data from actual PWR internals that have reached an end-of-life (EOL) condition. Therefore, a
method commonly used to infer such information is to extrapolate more abundant data obtained under
liquid metal, fast breeder reactor (LMFBR) conditions to PWR EOL or life-extension conditions. Many
uncertainties are involved in this process, and the outcome of such extrapolation is often considered either
unconvincing or questionable. Even for a given irradiation temperature and given steel, the integral
effects of dose and dose rate on void swelling cannot be separated. It is incorrect to extrapolate swelling
data on the basis of “progressive compounded multiplication” of separate effects of factors such as dose,
dose rate, temperature, and material composition.

Compared to LMFBRSs, the neutrons resulting from the fission process in LWRs are moderated and
slowed, or “thermalized”, resulting in a higher probability of their capture by surrounding materials. As
these thermal neutrons bombard the structural materials that support the fuel and reactor core
components, the atoms of the material are displaced, often much more than just once, resulting in the
production of large numbers of vacancies and interstitials, with important consequences on strength and
resistance to failure of these materials. Simultaneous with the bombardment and consequent damage, the
moderately high temperatures of the core internal materials [=<338°C (=640°F)] produce an offsetting
process of annealing and consolidation of the radiation damage into voids, dislocation loops and other
microscopically faulted structures.” In addition, many of the point defects formed through neutron
bombardment simply diffuse to sinks of various types, including external surfaces, grain boundaries, or
interphase surfaces. If the temperatures are high [400-560°C (752-1040°F)] and the irradiation damage
extensive (>1023 n/cm?2), the voids that are formed could conceivably produce dimensional changes,
resulting in misfitting of the components, increases in stress, and other unacceptable consequences.

The data from investigations related to LMFBR performance shows the void swelling process is
divided into two phases — an incubation period, followed by a period of void formation. Once voids have
started to form, a general rule of thumb is that swelling proceeds at a rate of 1% per dpa accumulated.
1.

* Neutrons can also cause transmutation of some of the lighter elements such as boron, generally found in trace amounts in structural materials.
However, the amounts of helium and possibly hydrogen that are produced by transmutation of light elements is not likely to contribute
significantly to void formation. Thermal neutron bombardment of nickel can produce a few parts per million amounts of helium during the
course of a reactor lifetime, which could contribute to void production.
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However, the incubation period is influenced by a number of important variables, including cold work,
which tends to extend the period of incubation, and metal chemistry, which can either extend or
foreshorten the incubation period. Because cold work extends the onset of swelling, core baffle bolts are
frequently fabricated from 20% cold-worked (CW), Type 316 SS.

The available database on void swelling and density change of austenitic SSs has been critically
reviewed. Irradiation conditions, test procedures, and microstructural characteristics were carefully
examined, and key factors that are important to determine the relevance of the database to PWR
conditions were evaluated. A topical report on the subject has been prepared.

Limited swelling data are available for cold-worked (CW) Type 316 SS irradiated to 53 dpa at 376-
386°C (709-727°F) and for solution-annealed (SA) Type 304 SS irradiated to 50 dpa at ~370°C (=698°F)
in EBR-1I reflector positions at dose rates comparable to those of PWR reentrant corners. As such, these
data are relevant to the conditions of PWR reentrant corners. Swelling in these materials was <1%.

The low degree of void swelling observed in PWR components and in EBR-II steels under PWR-
relevant dose rates appears to be associated with irradiation-induced formation of very fine precipitates
(such as G phase, carbides, and vy’ phase) in high number density. Such irradiation-induced precipitation
at low temperatures (<370°C) creates an extremely large internal surface, i.e., the interface between the
steel matrix and the precipitates. This interface acts as an efficient sink to irradiation-induced vacancies,
thereby suppressing the agglomeration of the vacancies. Irradiation-induced precipitation is sensitive to
minor alloying and impurity elements, irradiation temperature, and dose rate.

The available void swelling data for PWR core internals114-119 are plotted in Fig. 37 in terms of
irradiation temperature and dose (dpa); a higher level of swelling is denoted with a larger circle with a
darker color. Figure 38 shows a plot of void swelling of PWR internals as function of dose. The
maximum observed void swelling was 0.020-0.24% at ~333-343°C (631-649°F) and 7.5-12.2 dpa for
the flux thimble tube and baffle bolts fabricated from CW Type 316 SS. No swelling larger than 0.25%
was observed. This level of swelling is insignificant.
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Figure 37. Range of irradiation temperature and dose for which void swelling
data (in color code) have been reported for PWR core internals.
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Figure 38. Void swelling of PWR internals plotted as a function of dose (dpa).

In thin-walled flux thimbles and instrument tubes, the effect of gamma heating is insignificant. The
currently available database is sufficient to conclude that void swelling in this type of reactor internal,
mostly fabricated from CW Type 316 SS, is not an issue.

Most PWR baffle bolts are fabricated from CW Type 316 SS. The data obtained from the industry
baffle bolt program show that swelling is insignificant (<0.25%) for dose levels up to =20 dpa and
irradiation temperatures of up to ~340°C (=644°F). Data obtained on EBR-II components irradiated at
temperatures <380°C (<716°F) and at comparable dose rates are consistent with the data from the
industry bolt program. Microstructural characteristics of the two groups of materials are also consistent.
Thus, it is not likely that void swelling in this type of reactor internal will exceed the threshold level
(i.e., =4%) that is necessary to enter the regime of the steady-state swelling rate of 1%/dpa.

Most baffle reentrant corners are fabricated from SA Type 304 SS and are most susceptible to high
swelling rates, and hence, high swelling at EOL. The maximum irradiation temperature in some regions
of the reentrant corners has been estimated to be in the range of =380-420°C (716-788°F). Figure 39
shows the data from steels irradiated in EBR-1I at 376-460°C (709-860°F); some data reported by Allen
et al.120 for CW Type 316 SS at 376-386°C (709-727°F) and by Chung et al.121 for SA Type 304 SS at
370°C (698°F), are also included in the figure. The steel specimens were obtained from fuel
subassemblies (1-mm-thick hex can) located in the reflector region of the reactor. In that location, the
steels are irradiated at lower temperatures, and their dose rates are about one order of magnitude lower
than that in the fueled region. As such, the data are more relevant to the behavior of a PWR reentrant
corner than the data obtained from steels irradiated at higher temperatures in the core center.

The only investigation on void swelling for SA Type 304 SS shows that void swelling in this
material after irradiation in the EBR-II reactor to =50 dpa at 370°C and a dose rate comparable to that of
reentrant corners, was only 0.54%. The low swelling appears to be related to high-density irradiation-
induced precipitation of very fine carbides. Therefore, it is considered unlikely that void swelling in
reentrant corners will exceed the threshold level of ~4%. As a consequence, the potential impact of void
swelling on core flow and the structural functions of the PWR internals is believed to be negligible.
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Figure 39. Density change in CW Type 316 SS fuel hex can irradiated in
reflector region of EBR-II at 376-460°C to 5-80 dpa.

However, this estimation is only preliminary. More relevant swelling data, including the effects of
dose rate and temperature would be extremely helpful. Analyses to compute more accurate quantification
of maximum temperature at EOL and life-extension situations are needed for SA Type 304 and Type 316
SSs. A better mechanistic understanding of the roles of irradiation-induced microstructural evolution on
void swelling is also needed. Several experimental programs to address these issues are underway, and
are expected to produce useful data in the next few years.
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5 Cracking of Nickel Alloys and Welds

5.1 Introduction

This part of the study consists primarily of establishing CGRs under constant and cyclic loading
and evaluating Ni alloys and weld metals metallographically to develop comprehensive and statistically
significant analyses that could be used to determine the dependence of the SCC of these materials on
alloy composition, microstructure, water chemistry, temperature, and other factors. The Ni-base alloys
used as construction material in LWRs have experienced SCC. Primary—water SCC of Alloy 600 steam
generator tubes in PWRs has been studied intensively.122-124 Stress corrosion cracking has also occurred
in Ni alloys used in applications such as instrument nozzles and heater thermal sleeves in the
pressurizer!25 and CRDM penetrations in the reactor vessel closure heads.126 In the fall of 1991, a leak
was discovered in the pressure vessel head penetration at the Bugey 3 plant in France. Metallurgical
evaluations indicated that the leak was caused by primary water SCC.127 The main crack had initiated in
Alloy 600 base metal and propagated into the Alloy 182 weld metal. Subsequent inspections of CRDM
penetrations in domestic and foreign PWRs identified a small number of penetrations (<5% of the
penetrations inspected) with axial cracks. None of the cracks was through-wall, and until 2000, no more
leaks were found in pressure vessel head penetrations.

Leaks from axial through—wall cracks were identified at Oconee unit 1 in November 2000 and at
Arkansas Nuclear One unit 1 in February 2001.128 During the next 15 months, inspections at Oconee
units 2 and 3 and follow up inspection at unit 1 identified both axial and circumferential cracks in reactor
vessel head penetrations.129 The presence of circumferential cracks, in particular, raised concerns
regarding structural integrity.130.131 Also, in October 2000, significant boron deposits were discovered in
the vicinity and on the Loop “A” outlet nozzle-to—pipe weld at the V. C. Summer plant.132 Ultrasonic
inspection of the pipe revealed an axial crack in the dissimilar metal weld at the top of the pipe. Earlier in
2000, two shallow axial flaws were found in the outlet nozzle-to—safe—end weld of Ringhals unit 3, and
four axial indications were found in the same region of Ringhals unit 4, in Sweden.133 Cracks have also
been found in pressure vessel head penetrations at North Anna unit 2134 and Davis—Besse nuclear power
plant135 and, more recently, in the bottom-mounted instrumentation nozzles at South Texas unit 1.136.137

Long-term operating experience indicates that although wrought Ni-base Alloy 600 is susceptible
to SCC, until October 2000, the weld metal Alloys 82 and 182 used with Alloy 600 had not shown
environmentally assisted cracking. However, laboratory tests indicate that in PWR coolant environments,
the SCC susceptibility of Alloy 182 may be greater than Alloy 600, and that of Alloy 82 may be
comparable to Alloy 600. This apparent inconsistency between field and laboratory experience has been
an issue that needs further investigation.

A program is being conducted at ANL to evaluate the resistance of Ni alloys and their welds to
environmentally assisted cracking in simulated LWR coolant environments. The existing CGR data for
Ni alloys under cyclic and constant loads have also been analyzed to establish the effects of key
parameters on CGRs; the results are presented elsewhere.138-143 The fatigue crack growth data in air
were analyzed to develop correlations for estimating the fatigue CGRs of Alloys 600 and 690 as a
function of stress intensity factor range AK, load ratio R, and temperature.144 The results indicate that in
air, the CGRs of these materials are relatively insensitive to changes in frequency. The CGR (m/cycle) of
Alloy 600 in air is best expressed as

da/dN = Cagoo (1 - 0.82 R)22 (AK)41, (29)
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where AK is in MPa-m/2 and the constant Caggg is given by a third-order polynomial of temperature T
(°C) expressed as

Cae600 = 4.835 x 10714 + (1.622 x 10716)T — (1.490 x 10-18)T2 + (4.355 x 10-21)T3, (30)

In high—-DO water, the CGRs of Alloy 600 show frequency—dependent enhancement under cyclic
loading conditions. The environmental enhancement of growth rates does not appear to depend strongly
on the material condition. In contrast, environmental enhancement of CGRs of Alloy 600 in low-DO
water does seem to be strongly dependent on material conditions. In the literature45-149 sych variability
has been attributed to parameters such as yield strength and grain boundary coverage of carbides,
although the evidence for this dependence has been best demonstrated for steam generator tubing rather
than thicker structural materials.

In the earlier ANL work, correlations were developed to estimate the enhancement of CGRs in
LWR environments relative to the CGRs in air under the same loading conditions. The best—fit—curve for
Alloy 600, either in solution annealed condition or solution annealed plus thermally—treated condition, in
high-DO water (=300 ppb DO) at 289°C is given by the expression140

CGReny = CGRgjr + 4.4 x 107 (CGR,j)0-33. (31)

In low—-DO PWR water, for the alloys that show environmental enhancement, the CGRs at 320°C are
comparable to that predicted by Eq. (31). Also, studies on cyclic CGRs in PWR water in Ni-alloy welds,
e.g., Alloys 82 and 182, have found limited environmental enhancement,150-154 although as noted
previously based on laboratory tests, Alloy 182 is generally thought to be more susceptible to SCC than
Alloy 600. Frequency—dependent environmental enhancement is usually associated with susceptibility to
SCC under constant loading conditions.

The SCC data for Alloy 600 have been reviewed to determine the effects of critical parameters such
as stress intensity factor, temperature, material heat treatment, cold work, and water chemistry on growth
rates.144.155-158 The CGR (m/s) under SCC conditions is represented by the correlation,

CGRSCC = o exp [—%(% — %)} (K - 9)1'16, (32)

where Q is the thermal activation energy for crack growth (130 kJ/mol), R is the universal gas constant, T
is the absolute operating temperature, K is the stress intensity factor (MPa m2), and o is the crack
amplitude.158 At 325°C a value of 2.67 x 10-12 MPa m/2 has been proposed for a.

This annual report presents CGR data in the PWR environment for Alloy 600 from the Davis—
Besse CRDM nozzle #3, and Alloys 82 and 182 from the V. C. Summer reactor nozzle-to—pipe weld.
The results have been compared with the existing CGR data for Ni-alloy welds to determine the relative
susceptibility of these materials to environmentally enhanced cracking under a variety of loading
conditions. Detailed metallographic examinations of the material to characterize the microstructure of the
weld metal are presented.
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5.2 Crack Growth Rates of Alloy 600 from the Davis—Besse CRDM Nozzle #3 in
PWR Environment (O. K. Chopra, B. Alexandreanu, and W. J. Shack)

Crack growth tests were conducted on specimens of Alloy 600 removed from Davis—Besse (D-B)
CRDM nozzle #3 in a PWR environment at 316°C under cyclic loading for a sawtooth waveform with
30-1000 s rise times and at constant load, with or without periodic partial unloading. The results are
compared with the existing CGR data for Alloy 600 to determine the relative susceptibility of D-B
material to environmentally assisted cracking. The results of a detailed metallographic examination of the
material to characterize its microstructure and fracture morphology are presented.

5.2.1 Experimental

5.2.1.1 Material and Specimen Geometry

At the Davis—Besse reactor, CRDM nozzles #1-5 were fabricated from Alloy 600 seamless tubing
per ASME SB-167 (Heat M3935). The final mill anneal temperature is estimated to be 871-927°C
(1600-1700°F). The mill—certified chemical composition of the nozzle alloy are given in Table 9. The
room-temperature tensile properties for the material are yield strength of 334 MPa (48.5 ksi), tensile
strength of 590 MPa (85.6 ksi), and elongation of 60%.

A ring from D-B CRDM Nozzle #3 (Fig. 40) having 102-mm (4.0—in.) outer diameter, 16—-mm
(0.625-in.) wall thickness, and 64—-mm (2.5-in.) length was received from BWX Technologies, Inc., in
Lynchburg, VA. The nozzle ring was produced from two transverse cuts made at BWXT Technologies
through the nozzle at 25 and 89 mm (1 and 3.5 in.) from the bottom of the nozzle (near the J-groove weld
end). It is estimated that =114 mm (4.5 in.) of the nozzle end was bored away during the removal process
at the D-B site. To decrease the surface activity, ~1.25 mm (=0.05 in.) of material was machined from
the 1D and ~0.50 mm (=0.02 in.) from the OD of the nozzle ring.

Cylindrical tensile, 1/4-T CT, and 0.35 x 1/2-T CT specimens were machined from the nozzle ring.
The configuration of the tensile and 1/4-T CT specimens is shown in Figs. 41 and 42, and the orientation
of the specimens is shown in Fig. 43. The tensile specimens were obtained only in the longitudinal (or

Figure 40.
Photograph of the ring from Davis—Besse
CRDM Nozzle #3.

Table 9.  Chemical composition (wt.%) and tensile properties of Alloy 600 from D—B Nozzle #3.

C Mn Fe P S Si Cu Ni Cr Co

0.028 0.27 6.25 0.004 0.002 0.37 0.01 77.89 15.58 0.01
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Figure 42. Configuration of the 1/4—T compact tension specimen.
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axial) orientation, and the CT specimens, in both longitudinal (L) and circumferential (C) orientation
(i.e., corresponding to circumferential and axial crack, respectively). For the C orientation, the direction
normal to the fracture plane is in the circumferential direction, and the crack growth is in the longitudinal
direction, and vice versa for the L orientation. A radiological survey of the tensile and CT specimens
indicated <0.1 mR/h By on contact and no loose activity.

C Orientation

L Orlentatlon

63.5 mm

5.2.1.2 Material Characterization

The nozzle material microstructure was characterized along the longitudinal and circumferential
planes. The specimens were mechanically polished by means of 1-um diamond paste and etched with
Marble's reagent (hydrochloric acid, copper sulfate, and distilled water solution). A typical microstructure
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Orientation and location of the test
specimens taken from the Davis—Besse
CRDM nozzle.



obtained along the longitudinal and circumferential planes is shown in Fig. 44. The grain size varies
significantly, e.g., 30 to 200 um, with an average size of =75 um (ASTM grain size 4). The material
shows extensive grain boundary coverage (GBC) of Cr-rich carbides and a few carbides randomly
distributed in the matrix. Although in most cases the boundaries are decorated with carbides, in some
cases the carbides appear to be only on one side of the boundary, e.g., the boundary going from top left to
bottom right in Fig.44. The large precipitates in the grain matrix were identified as mostly Ti
carbonitrides. The average size of the grain—boundary carbides was ~0.3 um, and the GBC was estimated
to be 50-60%. Also, microhardness measurements indicated a uniform hardness across the nozzle wall.

Figure 44. Typical microstructure observed along longitudinal or circumferential planes for
Alloy 600 from D—B CRDM nozzle #3.

5.2.1.3 Crack Growth Test Facility and Procedure

The facility for conducting the CGR tests consists of a 1-L SS autoclave with a recirculating water
loop. The load frame, hydraulic actuator, autoclave, and the furnace are mounted on top of a portable
wheeled cart. An Instron Model 8500+ Materials Testing System is used to perform the tests. The PWR
water is circulated from a 135-L SS storage tank through a high—pressure pump, regenerative heat
exchanger, autoclave preheater, test autoclave, ECP cell and preheater, regenerative heat exchanger, and
Mity Mite™ back-pressure regulator. This water is then returned to the storage tank. Water is circulated
at flow rates of 15-40 mL/min. Also, water samples are taken periodically to measure pH, resistivity, and
DO concentration in the feedwater. This facility is similar to the ANL facility used for in—cell testing of
irradiated materials and is described in detail elsewhere.112 The PWR water consists of high—purity water
containing ~1000 ppm B, 2 ppm Li, <30 ppb DO, and ~2 ppm dissolved hydrogen (=23 cc/kg). The
room-temperature pH is ~6.4.

The CGR tests were performed in accordance with ASTM E-647 “Standard Test Method for
Measurement of Fatigue Crack Growth Rates” and ASTM E-1681 “Standard Test Method for
Determining a Threshold Stress Intensity Factor for Environment—Assisted Cracking of Metallic
Materials under Constant Load.” Crack extension was monitored by DC potential measurements.

All specimens were fatigue precracked in PWR water at load ratio R = 0.3, frequency of ~0.5-2 Hz,
and maximum stress intensity factor Kmax of 19-21 MPa m!2,  After =0.3 mm extension, R was
increased incrementally to 0.7, and the loading waveform changed to a slow/fast sawtooth with rise times
of 30-1000s. Constant—load tests with periodic partial unloading were conducted with the trapezoidal
waveform, R = 0.7, hold period at peak of 1 or 2 h, and unload/reload period of 24 s. In all tests, Kmax
was maintained approximately constant by periodic load shedding. After the test, the final crack size was
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marked by fatigue cycling at room temperature. The specimen was then fractured, and the final crack
length was measured from metallographic examination of the fracture surface by optical or scanning
electron microscopy. The final crack length was measured from the photograph by the 9/8 averaging
technique, i.e., nine measurements were taken across the width of the specimen at equal intervals, the two
near—surface measurements were averaged, and the resultant value was averaged with the remaining
seven measurements.

The experimental data were consistent with the screening criteria of Ref. 159. All specimens
showed 100% engagement (i.e., crack extension occurred over the entire machine notch, and the crack
front was relatively straight). Also, under environmentally enhanced conditions, fracture morphology
was predominantly intergranular (1G, 90% or greater). The CGR during each test period was determined
from the slope of the corrected crack length vs. time plots. For cyclic loading, only the rise time was used
to determine growth rate. The crack extension during each test period was at least 10 times the resolution
of the DC potential drop method, i.e., typically 5 um. Thus, crack extensions were at least 50 um; for test
conditions with very low CGRs (e.g., less than 1 x 10-1! m/s), smaller crack extensions were used to
reduce testing time.

To ensure that the experimental data obtained from differing specimen geometry, thickness, and
loading conditions can be compared with each other and applied to reactor components, the CGR data
were validated in accordance with the specimen size criteria of ASTM E-1681 and E-647. For high—
strain—hardening materials with ultimate-to-yield—stress ratio >1.3, both requirements allow the use of
flow stress defined as o5 = (o1t + Oys)/2 rather than the yield stress.

5.2.2 Results

5.2.2.1 Tensile Strength in Air

The tensile tests were performed in accordance with ASTM Specifications E8 and E21 in an Instron
tensile test machine in air at 316°C and a strain rate of 4 x 10~4 s'1. The cross—-head movement and
digitized load were recorded as a function of time. The values for the 0.2% yield stress and ultimate
stress are given in Table 10. The engineering stress—vs.—strain curves for the three specimens from the
nozzle alloy are given in Fig. 45. The tensile strength of the material is comparable to the typical value
observed for thick—section Alloy 600 products.

Table 10. Tensile test results at 316°C for Alloy 600 from D—B CRDM nozzle #3.

Specimen 0.2% Yield Stress, Ultimate Stress, Elongation, Reduction in Area,
ID MPa MPa % %
N3TL-1 290 549 62.3 51.8
N3TL-2 250 547 67.9 54.1
N3TL-3 283 549 63.8 54.0

5.2.2.2 Crack Growth Rates in PWR Environment

Crack growth tests have been completed on 1/4-T CT specimens in L and C orientations (N3CL-1
and N3CC-2, respectively) and 1/2-T CT specimen (N3CC-3) in the C orientation. The test conditions,
experimental CGRs, the allowed K, from Ki/size criterion, and the margin between the applied and
allowed Ko are given in Tables 11-13. The allowed Ky, Was calculated using flow stress instead of
yield stress. For specimen N3CL-1, the constant-load CGRs were not obtained because at 840 h the
CGR increased abruptly by a factor of 5. It was assumed that the applied Kmax may have exceeded the
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value allowed by the K/size criterion, and the test was terminated. The tests on N3CL-1 and N3CC-2
were interrupted once because of leaks: at 194 h for N3CL-1, because of a leak in the Bal-seal between
the pull rod and the autoclave, and at =1220 h for N3CC-2, because of a leak in the ECP cell. In both
cases the test was restarted, and the growth rates prior to the interruption were restored. Complete test
results, including plots of the change in crack length and Kyax with time during various test periods, are
presented in a topical report entitled “Crack Growth Rates in a PWR Environment of Nickel Alloys from
the Davis—Besse and V. C. Summer Power Plants.”

Micrographs of the fracture surfaces of the three specimens are shown in Figs. 46-48. The actual
crack extensions were 83, 74, and 57% greater than the values determined from the DC potential drop
measurements for specimens N3CL-1, N3CC-2, and N3CC-3, respectively. This difference most likely
is due to the presence of unbroken ligaments on the fracture surface. Crack extensions estimated from the
DC potential method were scaled proportionately; the corrected values of Kmax and growth rate are given
in Tables 11-13. The results indicate that for specimens N3CL-1 and N3CC-2, the applied Kpax for
most of the test periods was ~25% higher than the value allowed by the K/size criterion; the loading
conditions for specimen N3CC-3 were within the allowed values.

Table 11. Crack growth results for 1/4-T CT Specimen N3CL-1 of Alloy 600 in PWR water at 316°C.

Test ECP at 289°C,2 Conduc - R Rise Down Hold Growth  Allowed Crack

Test Time, mV (SHE) tivity, Load Time, Time, Time, Kmax: AK, Rate, Kmax: Length,
Period h Pt  A600 uS/cm?2 Ratio S S s MPamY2 Mpam2  mis MPam¥2  mm
Prea 51  -440 -434 21.0 0.26 1 1 0 20.0 14.8 5.07E-09 20.3 5.993
Preb 71 - - - 0.28 5 5 0 194 14.0 3.09E-09 20.1 6.117
1 115 - - - 0.53 30 4 0 21.2 9.9 4.30E-10 19.9 6.199

2 194 - - 185 0.54 300 4 0 215 9.9 2.55E-10 19.9 6.240
3a 225 584 -585 185 0.52 300 4 0 22.7 10.9 8.88E-11 19.8 6.269
3b 316 - - 14.7 0.51 300 4 0 245 12.0 2.63E-10 19.7 6.353
4 436 - - 12.8 0.71 300 4 0 25.3 7.3 1.10E-10 19.6 6.400
5 676 - - 154 0.70 1000 12 0 245 7.3 negligible 19.6 6.398

6 722 - - 154 0.51 300 4 0 25.1 12.3 4.42E-10 19.5 6.471
7a 818 - - 13.0 0.50 1000 12 0 24.6 12.3 5.45E-11 194 6.493
7b 868 — — 13.0 0.51 1000 12 0 25.6 125 3.73E-10 19.3 6.562

aRepresents values in the effluent. Feedwater conductivity was about the same as in the effluent. Water flow rate was 50 cc/min.
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Table 12. Crack growth data for 1/4-T CT Specimen N3CC-2 of Alloy 600 in PWR water at 316°C.

Test ECPat289°C2 Conduc- R Rise Down Hold Growth  Allowed Crack
Test Time, mV (SHE) tivity, Load Time, Time, Time, Kpmax, AK, Rate, Kmax,  Length,
Period h Pt A600 pS/cm?® Ratio S S s MPamY2 Mpam2  mis MPam¥2  mm
Prea 189 - - 22 0.31 5 5 0 23.1 15.9 7.52E-10 19.9 6.243
1 383 - - 20 051 300 4 0 22.3 10.9 2.13E-11 19.8 6.270
2 457 - - 17 0.51 30 4 0 22.9 11.2 6.05E-11 19.7 6.335
3 550 -706 -704 16 051 300 4 0 22.8 11.2 9.46E-12 19.7 6.338
4 580 - - 15 0.51 30 4 0 24.9 12.2 8.59E-10 19.6 6.415
5 765 - - 15 050 300 12 0 24.8 12.4 8.87E-11 195 6.471
6 885 - - 15 070 300 12 0 25.0 7.5 5.28E-11 19.4 6.492
7 912 - - 16 051 300 12 0 25.1 12.3 1.01E-10 19.4 6.502
8 1197 - - 20 052 300 12 3600 25.7 12.4 6.92E-11 19.3 6.541
9 1365 - - 21 048 300 12 0 24.6 12.8 7.53E-11 19.2 6.617
10 1530 - - 21 1.00 - - - 24.7 - 9.67E-11 19.1 6.658
aRepresents values in the effluent. Feedwater conductivity was about the same as in the effluent. Water flow rate was 42 cc/min.
Table 13. Crack growth data for 1/2-T CT Specimen N3CC-3 of Alloy 600 in PWR water at 316°C.
Test ECPat289°C2 Conduc- R Rise Down Hold Growth  Allowed Crack
Test Time, mV (SHE) tivity, Load Time, Time, Time, Kpmax, AK, Rate, Kmax,  Length,
Period h Pt  A600 pS/cm?® Ratio S S s MPamY2 Mpam2  mis MPam¥2  mm
Prea 50 -587 -585 20 036 025 025 O 20.8 133 1.35E-08 27.6 12.777
Preb 56 - - 20 035 025 025 O 20.2 13.1 8.41E-09 27.5 12.872
Prec 71 - - 19 0.33 5.0 5.0 0 19.9 133 2.03E-09 27.4 12.943
Pred 78 - - 19 0.32 05 05 0 20.7 14.1 1.31E-08 27.2 13.065
1 97 - - 18 0.50 12 4 0 20.6 10.3 9.08E-10 27.1 13.157
2 122 - - 18 0.50 60 4 0 20.8 10.6 3.55E-10 27.1 13.186
3 147 - - 18 050 300 4 0 20.9 10.9 2.80E-10 27.1 13.206
4 174 - - 17 0.70 1,000 12 0 21.2 7.8 2.18E-10 27.0 13.249
5a 230 - - 16 1.00 - - - 20.5 - 7.85E-11 27.1 13.264
5b 339 - - 15 1.00 - - - 20.9 - 1.25E-10 26.9 13.319
6a 386 - - 14 1.00 - - - 26.4 - 2.28E-10 26.8 13.404
6b 529 - - 12 1.00 - - - 26.7 - 1.55E-10 26.7 13.510
7 648 -546 -539 12 1.00 - - - 31.9 - negligible 26.5 13.637

aRepresents values in the effluent. Feedwater conductivity was about the same as in the effluent. Water flow rate was 40 cc/min.

Figure 46. Micrograph of the fracture surface of Specimen N3CL-1. Crack advance from top to bottom.
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Figure 47. Micrograph of the fracture surface of Specimen N3CC-2. Crack advance from bottom to top.

Figure 48. Micrograph of the fracture surface of Specimen N3CC-3. Crack advance from bottom to top.

The results indicate that environmental enhancement of CGRs does not occur from the start of the
test. Under more rapid cyclic loading, the crack growth is dominated by mechanical fatigue. The CGRs
during precracking and initial periods of cyclic loading were primarily due to mechanical fatigue. For the
present tests, environmental enhancement typically was observed at load ratio R>0.5 and rise time
>30s. For example, enhancement occurred after test period 1 for specimens N3CL-1 and N3CC-3 and
test period 4 for specimen N3CC-2. These results are consistent with the behavior observed in other
heats of Alloy 600 tested under similar loading conditions, i.e., high load ratios and long rise times.143

5.2.2.3 Fracture Morphology

A unique feature of the fracture surface for the D-B nozzle #3 alloy is the predominantly 1G
fracture even during mechanical fatigue loading. A TG fracture is observed at the very beginning of the
test (near the machine notch), but it changes to IG fracture when the first grain boundary is encountered.
These features are better observed in the high magnification micrographs of the fracture surface of
specimen N3CL-1 shown in Fig. 49. A slice of the entire crack extension in specimen N3CC-2 is shown
in Fig. 50a, and typical fracture morphology at select locations on the surface is shown in Figs. 50b and c.
The precrack area at location A shows TG fracture only up to the nearest grain boundary, and location B
shows smooth IG fracture. The Ti-rich precipitates on the surface in Fig. 50c do not seem to affect the
fracture mode. While the focus of this study was not on the effect of the Ti carbides on the SCC behavior
of the alloy at hand, these particles can have a negative impact. As such, the precipitation of Ti carbides
can reduce the concentration of free carbon retained in the matrix to a level at which it limits the
precipitation of the desirable grain boundary chromium carbides. In addition, if Ti carbides precipitate at
grain boundaries they oxidize when exposed to the high temperature water environment, possibly leading
to grain boundary embrittlement.
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Figure 49. Examples of transition from a transgranular to an intergranular fracture in Specimen N3CL-1.

(©)

(a) (b)
Figure 50. (a) Fracture surface of Specimen N3CC-2, and high—-magnification micrographs at locations
(b) A and (c) B.
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5.2.2.3 Crack Growth Rates under Cyclic Loading

The experimental CGRs under cyclic loading are compared in Fig. 51 with those predicted in air
under the same loading conditions. Such plots allow direct comparison of cyclic CGR data obtained at
different test temperature, load ratio, and frequency. Although the results show considerable scatter
environmental enhancement of growth rates is observed in all specimens of the D-B CRDM nozzle alloy.
Also, specimen orientation does not seem to have any effect on growth rates, e.g., the CGRs for
Specimens N3CL-1 and N3CC-3 are comparable, and those for Specimen N3CC-2 are slightly lower.
The cyclic CGRs for the D-B CRDM nozzle Alloy 600 may be represented by the bestfit curve for
Alloy 600 in the NWC BWR environment (i.e., =300 ppb DO at 289°C). The experimental CGRs for
Specimens N3CL-1 and N3CC-3 are slightly higher than the BWR curve, and those for Specimen
N3CC-2 are lower.

The fatigue CGR data obtained earlier at ANL indicated that in low—DO water, environmental
enhancement of CGRs seems to depend on material conditions such as yield strength and grain boundary
coverage of carbides.144 Materials with high yield stress and/or poor grain-boundary carbide coverage
showed environmental enhancement. The results of the D-B CRDM nozzle #3 Alloy 600 appear to be
inconsistent with this trend, e.g., the nozzle #3 alloy has relatively low yield stress and good grain—
boundary carbide coverage. However, the loading conditions used in the earlier tests may have
influenced environmental effects; although the load ratios were in the range of 0.6-0.9 the rise time for all
tests was only 12 s.

The fracture mode also does not seem to influence the cyclic CGRs of the D-B CRDM nozzle
Alloy 600. Although the fracture surface of Specimen N3CC-3 (Fig. 48) shows larger fraction of TG
fracture than that of Specimen N3CL-1 (Fig. 46), the CGRs for the two specimens are comparable.
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5.2.2.4 SCC Growth Rates
The experimental CGRs under constant load with or without partial unloading are plotted as a

function of applied Kpax in Fig. 52. The median and 75" percentile CGR curves based on the best fit of
the data for 26 heats of Alloy 600 (i.e., Eq. 32) are also included in the figure. The CGR curves at 316°C
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were calculated for an activation energy of 130 kJ/mol.158  The growth rates for the D-B nozzle
Alloy 600 are a factor of 4-8 higher than the median curve.
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Based on the observed microstructure and tensile strength of nozzle Alloy 600, the experimental
CGRs are somewhat of a surprise. Materials with good GBC of carbides (Fig. 44) and relatively low or
average tensile yield stress (Table 10) are generally considered to have low susceptibility to SCC in PWR
water.144-149 The cumulative distribution of the log-normal fit to the ordered median ranking of the
constant o for various data sets of Alloy 600 is shown in Fig. 53. The experimental CGRs for Alloy 600
from CRDM nozzle #3 correspond to =95 percentile of the distribution fitted to the various data sets,
i.e., the nozzle material exhibits very high susceptibility to SCC.

The high susceptibility for the material to SCC cannot be reconciled in terms of the tensile strength
or microstructure of the alloy. The extent of IG fracture, particularly under predominantly mechanical
fatigue loading, is very unusual for Alloy 600.
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5.3 Crack Growth Rates of A182 and A82 Alloys from the Vessel Nozzle-to—Pipe
Weld of V.C. Summer Reactor
(B. Alexandreanu, O. K. Chopra, and W. J. Shack)

This section presents experimental data on CGR of weld butter and weld alloys from the nozzle-to-
pipe weld spool piece removed from the hot-leg of the VV.C. Summer reactor. To date, two specimens
have been tested, one from the butter (Alloy 182) and one from the weld (Alloy 82). In preparation for
CGR testing, both butter and weld alloys were characterized metallographically and mechanically at the
temperature of interest (320°C). The CGR testing was conducted in a simulated primary water
environment, and was complemented by post-test fractographic examinations.

5.3.1 Experimental

This section describes the alloys used, the geometry of the 1/2-T CT specimens, and the apparatus
and conditions used for crack growth testing in a primary water environment.

5.3.1.1 Material and Specimen Geometry

The spool piece was contaminated with - and y-emitting radionuclides. The radiological survey
conducted at ANL found a B/y activity of 885 dpm/100 cm2 on the inner surface and an activity of
1980 dpm/100 cm?2 on the outer surface. All work described herein was performed in accordance with
procedures for handling radioactive materials.

Compact tension specimens were machined from the as-received piece; the configuration of the
specimens is shown in Fig. 54. Two specimens have been tested to date, one weld (WCR-01) and one
butter (BCR-01). The orientations of these two specimens relative to the as-received piece are shown in
Fig. 55. The fracture planes for these tests are highlighted. The first letter in the specimen ID represents
weld (W) of butter (B), and the second and third letters represent the orientation of the fracture plane and
direction of crack growth, respectively. For the WCR weld specimen, the direction normal to the fracture
plane is in the circumferential (C) direction, and the crack growth is in the radial (R) direction. As
discussed later, the columnar grains were in the radial direction in the weld and longitudinal direction in
the butter. Thus, although the orientation of fracture plane is the same in weld and butter specimens,
crack growth was along the columnar grains in WCR-01 and across in BCR-01. A radiological survey of
the tensile and CT specimens indicated less than 0.1 mR/h By on contact and no loose activity.
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Figure 54. Configuration of the 1/2—T compact tension specimen.
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Figure 55.

Orientation and location of the test specimens
taken from the V.C. Summer piece. Note that
relative to the plane of this figure, the longitudinal
(L), radial (R), and circumferential (C) directions,
respectively, are horizontal, vertical, and into the

page.

For the examination of the microstructure, coupons representative of both alloys were cut from the
piece, mechanically polished through 1-um diamond paste, and electrochemically etched in a 70% Hs;PO,
and water solution at 5 V. The microstructure was observed on planes representative of the CT specimens
to be tested. Figure 56 shows micrographs of typical weld microstructures along and across the columnar
grains for both, the Alloy 82 weld and Alloy 182 butter. Although the microstructure in the center of the
weld along the circumferential plane is not shown in Fig. 56, it was similar to that observed for the butter,

(a) Circumferential Plane, Butter (b) Longitudinal Plane, Butter

(c) Circumferential Plane, Butter/Weld Interface (d) Radial Plane, Weld
Figure 56. Microstructure of the V.C. Summer Alloy 82 weld and Alloy 182 butter.
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except the columnar grains were vertical. The average size of the columnar grains was ~50 um across
and ~150 um along the length of the grains.

During the microstructural examination, defects were also found in the V.C. Summer weld and
weld butter alloys near the 1D of the pipe (Fig. 57). Note that this region had gone through weld repairs;
all test specimens were obtained from material away from this region. The defects in the weld butter
consisted mostly of pores and precipitates distributed uniformly in the microstructure (Fig. 57a). Fewer
pores and precipitates were observed in the weld material, but grain boundary sliding was observed at the
weld-pipe interface. Several examples of grain boundary sliding are indicated with white arrows in
Fig. 57b. Sliding was observed exclusively at the weld fusion line, at grain boundaries extending from
the pipe alloy to the weld alloy. This finding is potentially interesting because grain boundary sliding is
believed to be a precursor to SCC initiation.160 In addition, cracks were found at several locations in the
weld, sometimes spanning several tens of microns (Fig. 57c). The upper—left insert of Fig. 57¢ shows the
location of this crack in the as—received piece. However, these cracks were not open to the reactor
coolant environment, and most probably originated during the cooling of the weld deposit.

(@) (b)

(©
Figure 57. Defects found in the V.C. Summer weld and butter alloys: (a) precipitates in the butter,
(b) grain boundary sliding at the weld-pipe interface, and (c) cracks in the weld.

5.3.1.2 Crack Growth Test Facility and Procedure

The CGR tests were conducted in a 5.7-L SS autoclave mounted on an MTS extra high load frame
with an MTS 810 control console, and a recirculating water loop. The PWR water is circulated from a
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130-L SS storage tank through a high—pressure pump, regenerative heat exchanger, autoclave preheater,
test autoclave, ECP cell and preheater, regenerative heat exchanger, and Tescom™ back-pressure
regulator, and it is then returned to the storage tank. The PWR water is high purity, containing only
~1000 ppm B, 2 ppm Li, <10 ppb DO, and =2 ppm dissolved hydrogen (=23 cc/kg). Water is circulated
at flow rates of 15-40 mL/min. Water samples are taken periodically to measure pH, resistivity, and DO
concentration in the feedwater.

The CGR tests were performed in accordance with ASTM E-647 “Standard Test Method for
Measurement of Fatigue Crack Growth Rates” and ASTM E-1681 “Standard Test Method for
Determining a Threshold Stress Intensity Factor for Environment—Assisted Cracking of Metallic
Materials under Constant Load.” All specimens were fatigue precracked in PWR water at load ratio
R =0.3, frequency of ~0.5-2 Hz, and maximum stress intensity factor Kmax of 19-24 MPa m/2, After
~0.3—-mm extension, R was increased incrementally to 0.5, and the loading waveform changed to a
slow/fast sawtooth with rise times of 30-300 s. In all tests, Kmax was maintained approximately constant
by periodic load shedding. After the test, the final crack size was marked by fatigue cycling at room
temperature. The specimen was then fractured, and the fracture surfaces of both halves of the specimen
were examined by SEM. The final crack length was measured from the SEM images by the 9/8
averaging technique.

To ensure that the experimental data obtained from differing specimen geometry, thickness, and
loading conditions can be compared with each other and applied to reactor components, the CGR data
were validated in accordance with the specimen size criteria of ASTM E-1681 and E-647. For high—
strain—hardening materials with ultimate-to-yield—stress ratio >1.3, both requirements allow the use of
flow stress defined as of = (oy|t + Oys)/2 rather than the yield stress.

5.3.2 Results

5.3.2.1 Crack Growth Rates in PWR Environment

The crack growth data along with the test conditions, resulting stress intensity factors Ky, and
experimental and estimated CGRs for the two specimens are given in Tables 14 and 15, respectively. For
specimen WCR-01, testing concluded with a constant-load period at K= 23 MPa-m/2, For specimen
BCR-01 the test protocol consisted of four constant load periods at Ky values up to 33 MPa-m2/2,

Table 14. Crack growth results for Specimen WCR-01 of Alloy 82 SMA weld in PWR water? at 320°C.

Test 0, Load Rise Down Hold Estimated  Crack

Test Time, Cond.P Conc.” Ratio Time, Time, Time, Kmax. AK,  CGReny, CGRyj,  Length,
Period h  pS/cm  ppb R S S s MPam¥2 MPaml?  m/s m/s mm

Prea 100 23 <10 0.32 1 1 0 24.14 16.42 2.8E-09 1.70E-08 12.289

Preb 124 23 <10 0.31 0.5 0.5 0 24.14 16.66 49E-09 3.52E-08 12.351

Prec 140 23 <10 0.29 5 5 0 23.18 16.46 1.7E-09 3.19E-09 12.379

Pred 146 23 <10 030 025 0.25 0 23.96 16.77 9.3E-09 7.06E-08 12.484

1 258 23 <10 0.50 30 2 0 24.12 12.06 14E-10 2.61E-10 12.649

2 380 23 <10 0.51 30 2 0 23.69 11.61 2.1E-10 2.30E-10 12.736

3 523 23 <10 0.50 300 12 0 23.76 11.88 3.2E-11 2.45E-11  12.779

4 593 23 <10 1.00 - - - 22.42 0.00 7.5E-11 - 12.789
3Simulated PWR water with 2 ppm Li, 1100 ppm B, and 2 ppm dissolved hydrogen (=23 cc/kg). Measured pH was 6.4.
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Table 15. Crack growth data for Specimen BCR-01 of Alloy 182 SMA weld in PWR water2 at 320°C.

Test 0, Load Rise Down Hold Estimated Crack
Test  Time, Cond.”Conc.” Ratio Time, Time, Time, Kmax. AK, CGReny,  CGRyjr,  Length,
Period h uS/cm  ppb R S S s MPamY2 Mpaml/2 m/s m/s mm
Prea 31.0 26 <10 0.30 0.25 0.25 0 21.07 14.75 4.00E-09 4.17E-08 12.046
Preb 54.0 26 <10 0.30 0.25 0.25 0 21.91 15.34 1.82E-08 4.89E-08 12.269
Prec 71.0 26 <10 0.31 0.25 0.25 0 22.42 15.47 2.50E-08 5.19E-08 12.407
Pre d 75.0 26 <10 0.31 0.25 0.25 0 21.91 15.12 2.42E-08 2.36E-08 12.573
1 386.0 26 <10 1.00 - - - 22.06 - 2.35E-11 - 12.616
2a 389.0 26 <10 050 025 0.25 0 25.63 12.82 1.49E-08 4.02E-08 12.715
2b 413.0 26 <10 0.50 0.25 0.25 0 25.81 12.91 1.25E-08 4.14E-08 12.905
3 507.0 26 <10 0.50 50 2 0 26.73 13.36 3.16E-10 2.39E-10 13.041
4 839.0 26 <10 1.00 - - - 26.97 - 2.34E-11 - 13.057
5 842.0 26 <10 0.30 1 1 0 29.67 20.77 5.04E-08 4.24E-08 13.291
6a 845.0 26 <10 0.50 1 1 0 29.60 14.80 8.18E-09 1.81E-08 13.369
6b 869.0 26 <10 0.50 1 1 0 30.44 15.22 9.17E-09 2.03E-08 13.514
7 939.0 26 <10 0.50 300 12 0 30.60 15.30 2.79E-10 6.92E-11 13.569
8 1,340.0 26 <10 1.00 - - - 32.01 - 4.49E-11 - 13.594
9 1,343.0 26 <10 0.30 0 35.05 24.53 5.73E-08 8.39E-08 13.791
10 1344.0 26 <10 0.50 1 1 0 35.70 17.85 1.44E-08 3.91E-08 13.869
11 1346.0 26 <10 0.50 300 12 0 35.21 17.61 5.78E-10 1.23E-10 13.901
12 1702.0 26 <10 1.00 - - - 36.03 - 4.14E-11 - 13.930

aSimulated PWR water with 2 ppm Li, 1100 ppm B, and 2 ppm dissolved hydrogen (=23 cc/kg). Measured pH was 6.4.
bRepresents values in the effluent. Feedwater conductivity was about the same as in the effluent. The ECPs of a Pt electrode and a companion
Alloy 600 electrode downstream from the autoclave were —-620 and —-650 mV (SHE), respectively.

The final crack lengths were determined from metallographic examination of the fractured
specimens by SEM. The entire fracture surface of WCR-01 is shown in Fig. 58. The first (green) line
designates the region where IG features start to be observed, and the second line (red) shows the final
crack extension. The crack front is relatively straight. The observed features are consistent with the
testing parameters. These features can be better seen in the higher magnification micrographs of Fig. 59.
Figure 59a corresponds to the boxed area in Fig. 58. A mixture of TG and IG fracture is observed during
precracking and cyclic loading (Fig. 59a), and a predominantly 1G fracture during the final constant load
test (Fig. 59c).

Based on the image shown in Fig. 58, the crack extension for the entire test was measured to be
0.782 mm, 2.63 times larger than the value obtained from DC potential measurements. Because of the
complex nature of the 1G fracture morphology observed in Alloy 182 welds in the PWR environment, the
DC potential drop measurements typically underestimate the crack length by a factor of 2 or even 3.161
The very wavy grain boundary surface, elongated grains, and several unbroken ligaments (Fig. 59) all
contribute to the measurement differential between the two techniques. It appears that some 1G crack
fronts propagated independently of each other, leaving behind unbroken ligaments. Because IG features
appeared on the fracture surfaces starting from the early stages of testing, all crack results, including pre-
cracking, were corrected by a factor of 2.63. The corrected values of crack length, CGR, and Kpyax are
listed in Table 14.

Figure 60 shows the fracture surface of specimen BCR-01. For this specimen, a different approach
for the testing protocol was undertaken: the constant load periods were separated by mechanical fatigue
periods to physically separate the IG regions from the TG regions, and thus to reduce the correction
factors. As a result, the DC potential measurement and the direct measurements agreed well, with no
correction being needed.
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Figure 58. Micrograph of the fracture surface of Specimen WCR-01. Crack advance from top to bottom.

a c
Figure 59. Micrographs of (a) a portion of the fracture surface of specimen WCR-01 (crack advance is
from top to bottom) and higher magnification of position (b) 1 and position (c) 2.
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Figure 60. Micrograph of the fracture surface of Specimen BCR-01. Crack advance from top to bottom.

(a) (b)
Figure 61. Micrographs of the fracture surface of Specimen BCR-01 at locations (a) 1 and (b) 2 in
Fig. 60.

As with the previous example, a fairly straight crack front was obtained (red line in Fig. 60),
although the appearance of the front suggests that some pinning occurred, presumably associated with the
defects found in these alloys. Figure 61 shows two additional, high—-magnification micrographs of the
fracture surface taken at locations 1 (Fig. 61a) and 2 (Fig. 61b) in Fig. 60. In both micrographs the IG
fracture mode appears to be interrupted at cracks developing across the crack front. The significance of
the secondary cracks across the crack front and in a plane normal to the fracture plane is not well
understood.
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5.3.2.2 Crack Growth Rates under Cyclic Loading

Figure 62 shows the CGR rates under cyclic loading for the two specimens, WCR-01 and BCR-01,
as a function of the CGRs obtained from Egs. 29 and 30 for Alloy 600 in air under the same loading
conditions. Note that because correlations are not available to estimate cyclic CGRs of Alloy 182/82
weld metal in air, the CGRs for these alloys in PWR environment are compared to those for Alloy 600 in
air to establish possible environmental effects on growth rates. Experimental data obtained by Amzallag
et al., 150 Van Der Sluys et al.,151.152 |_indstrom et al.,153 and James and Mills154 are also included in the
figure. The results indicate that with the exception of the two V.C. Summer welds (WCR-01 and BCR-
01), the CGR data are bound by the rates in air for Alloy 600 (solid line) and eight times those (dotted
line). The two V. C. Summer welds appear to be more resistant to fatigue than the laboratory-prepared
welds used for obtaining the data from the literature. Ideally in Fig. 62 the data on the weld metals in the
PWR environment should be compared with CGRs in air for the weld metals, not Alloy 600. Although
the CGRs in the PWR environment are in most cases higher than those in air, much of this difference may
not be due to environmental effects, but rather may simply reflect differences in the fatigue crack growth
rates of Alloys 182 and 82 compared with that of Alloy 600.

When environmental enhancement occurs, the relative CGRs in the PWR environment compared
with those in air should be increasing with decreasing CGRs in air. It is not clear whether all the data of
Fig. 62 show this behavior; however, most of the data were obtained under loading conditions where the
crack growth is either controlled primarily by mechanical fatigue or, as is the case of James and Mills 154
obtained at 243°C, a temperature where environmental effects are expected to be small. For the V. C.
Summer Alloy 182 specimen, those loading conditions resulting in CGRs less than 1 x 10-9 m/s in air,
i.e., load ratios greater than 0.5 and rise times greater than 30s, appear to have resulted in enhanced
CGRs. On the fracture surface, these conditions are expected to correspond to the transition between TG
and IG fracture modes.
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5.3.2.3 SCC Growth Rates

Although each test period at constant load lasted in excess of 200 h (Tables 14 and 15), the crack
advanced quite slowly, hence the relatively small crack length increments. Thus, in the direction of crack
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advance, the crack typically grew less than a grain size in the allotted time period. Nevertheless, based on
an average size of *50 um across and =150 um along the length of the columnar grains, it is estimated
that across the full width of the sample, the crack advanced along =300 grain boundaries during each
constant-load test period in Specimen WCR-01, where the crack front was along the columnar grains, and
along =45 grain boundaries in Specimen BCR-01, where the crack front was across the columnar grains.
A simple statistical formalism by Alexandreanu and Was162 was used to analyze how well these samples
of boundaries describe the material being tested, i.e., how representative are these samples of the full
spectrum of boundary types in the material — the grain boundary character distribution (GBCD).
Specifically, the fractional errors associated with the cracking—susceptible random boundaries that would
result from boundary populations of these sizes were estimated. Assuming a random boundary fraction of
70%, typical for a weld alloy, the errors for the fractions of (cracked) random boundaries are ~3.8% in
WCR-01 and =9.7% in BCR-01. Both of these numbers are comparable with the degree of homogeneity
of random boundaries in a Ni-base alloy, thus, as far as GBCD is concerned, no additional benefit can be
obtained by considering larger populations of boundaries. Using the same approach, the benefit of
doubling the test time, i.e., 400 h instead of 200 h, was also estimated. In such a case, assuming a similar
CGR, the population of cracked boundaries in BCR-01, for example, would double to approximately 90
in each constant load period. As a result, the error in the fraction of random boundaries would drop to
~6.9%. These results were somewhat expected: because random boundaries are quite abundant in Ni-
alloy weld, fractional errors cannot be significantly improved by increasing the sample size, i.e., doubling
the number of boundaries. From a crack advance viewpoint, it appears unlikely that minor changes, such
as 9.7% vs. 6.9% in the population of random boundaries, would impact significantly the observed
cracking behavior.

The experimental CGRs resulting from constant load for the two V.C. Summer weld and butter
alloys are plotted as a function of applied Kmax in Figs. 63 and 64. Also shown is the disposition curve
proposed for Alloy 182 welds in PWR environment.15 The CGR curve for Ni-alloy welds in PWR
environments has been represented by a modified relationship between CGRgny (M/S) and stress intensity
factor K (MPa m2/2) originally developed by Scott!®® to describe CGRs in steam generator tubing.
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However, unlike the CGR relationship for Alloy 600, the CGR relationship for Ni-alloy welds has no
threshold value for K (in Alloy 600 the threshold is 9 MPa m1/2),

CGReny = A(K)16, (33)

The term A depends on the material and temperature. The temperature dependence is usually assumed to
follow an Arrhenius behavior:

B Q1 1
A_aex{_E(TTmf ﬂ (34)

where Q = activation energy for crack growth

= 130 kJ/mol (31.1 kcal/mol) for Ni-alloy welds

R = universal gas constant
= 8.314 x 103 kd/mol-K (1.103 x 103 kcal/mol-°R)

T = absolute operating temperature in K (or °R)

T.; = absolute reference temperature used to normalize the CGR data
= 598 K (1076.67°R)

o = 15x1012at325°C.

In Fig. 63 the disposition curve was adjusted to 320°C, while in Fig. 64 the CGR data were adjusted
to 325°C, in both cases an activation energy of 130 kJ/mole was used. Crack growth data obtained in the
present study on laboratory—prepared welds,161 with a double-J weld design or deep—groove filled weld,*
are also included in Fig. 63. The results show that cracking propagated faster in the V. C. Summer weld
specimen WCR-01 having the columnar grains parallel to the crack front than in the butter specimen

1.

* Unpublished data, present study.
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BCR-01, where the columnar grains were across the crack propagation front. However, weld specimen
WCR-01 is Alloy 82, and the butter specimen BCR-01 is Alloy 182; the growth rates for the former are
generally a factor of ~2.5 lower than those of Alloy 182.159 Thus, the lower growth rates of BCR-01 vs.
WCR-01 may primarily be an effect of orientation. A similar orientation effect is observed for the
laboratory-prepared welds.161 In specimen CT31-WO02, which appears to be the most susceptible to crack
propagation, the columnar grains are parallel to the crack front.

Figure 64 shows the same V.C. Summer CGR data plotted along with data obtained by Jacko et al.

on similar V. C. Summer weld and butter alloys.163 While the WCR-01 data appear to be consistent with
Jacko’s measurements, the BCR-01 data are not. The reason(s) for this difference is unclear at this point.
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6 Summary

6.1 Environmental Effects on Fatigue e—N Behavior

The existing fatigue e-N data for carbon and low-alloy steels and wrought and cast austenitic
stainless steels in LWR environments have been reviewed. The fatigue lives of both carbon and low-
alloy steels and austenitic SSs are decreased in LWR environments; the magnitude of the reduction
depends on temperature, strain rate, DO level in water, and, for carbon and low-alloy steels, S content in
steel. For all steels, environmental effects on fatigue life are significant only when critical parameters
(e.g., temperature, strain rate, DO level, and strain amplitude) meet certain threshold values.
Environmental effects are moderate, e.g., less than a factor of 2 decrease in life, when any one of the
threshold conditions is not satisfied. The threshold values of the critical parameters and the effects of
other parameters (such as water conductivity, water flow rate, and material heat treatment) on the fatigue
life of the steels are summarized.

Statistical models are presented for estimating the fatigue life of carbon and low-alloy steels and
wrought and cast austenitic SSs as a function of material, loading, and environmental parameters. Two
approaches are presented for incorporating the effects of LWR environments into ASME Section Il
fatigue evaluations.

Data available in the literature have been reviewed to evaluate the conservatism in the existing
ASME Code fatigue evaluations. Much of the conservatism in these evaluations arises from current
design procedures, e.g., stress analysis rules and cycle counting. However, the ASME Code permits
alternative approaches, such as finite—element analyses, fatigue monitoring, and improved Kg factors, all
of which can significantly decrease the conservatism in the current fatigue evaluation procedures.

Because of material variability, data scatter, and component size and surface finish, the fatigue life
of actual components is different from that of laboratory test specimens under a similar loading history,
and the mean e-N curves for laboratory test specimens must be adjusted to obtain design curves for
components. These design margins are another source of possible conservatism. The factors of 2 on
stress and 20 on cycles used in the Code were intended to cover the effects of variables that can influence
fatigue life but were not investigated in the tests that provided the data for the curves. Data available in
the literature have been reviewed to evaluate the margins on cycles and stress that are needed to account
for the differences and uncertainties. The results indicate that the current ASME Code requirements of a
factor of 2 on stress and 20 on cycle are quite reasonable, and do not contain excess conservatism that can
be assumed to account for the effects of LWR environments. They thus provide appropriate design
margins for the development of design curves from mean data curves for small specimens in LWR
environments.

6.2 Irradiation—Assisted Stress Corrosion Cracking of Austenitic Stainless Steel
in BWRs

Slow-strain-rate tensile tests have been completed in high—purity 289°C water on steels irradiated
up to =3 dpa in 289°C helium in the Halden Reactor. Susceptibility of the steels to IASCC was
determined on the basis of the degree of intergranular fracture surface morphology. At ~0.4 dpa, IASCC
susceptibility was negligible for all tested heats, with the exception of a 316L-like high-purity alloy that
contained 0.003 wt.% C and 0.004 wt.% S. At 0.4 and 1.4 dpa, significant TG fracture was mixed with
IG fracture. At 3 dpa, the tendency to TGSCC was negligible, and fracture surface morphology was
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either dominantly IG, as in field-cracked core internal components, or dominantly ductile or mixed. This
behavior indicates that percent IGSCC determined at =3 dpa is a good measure of IASCC susceptibility.

Excellent resistance to IASCC was observed up to ~3 dpa for seven heats of Types 304 and 316 SS
that contain very low S concentrations of <0.002 wt.% and for one heat of Type 348 SS that contains
0.005 wt.% S. Susceptibility of Types 304 and 316 steel that contain >0.003 wt.% S increased drastically.
A sufficiently low concentration of S (i.e., <0.002 wt.%) is the primary material factor necessary to
ensure good resistance to IASCC. At sufficiently low concentrations of S, a high concentration of C is
beneficial. However, at S concentrations >0.003 wt.%, the deleterious effect of S is so dominant that a
high concentration of C is not an important factor.

A two-dimensional map was developed in which susceptibility or resistance to IASCC is shown as
a function of bulk concentrations of S and C. Data reported in the literature are consistent with the map.
The map is helpful to predict relative IASCC susceptibility of Types 304 and 316 SS.

Based on the results of this study, an IASCC model has been developed. The model is based on
several key steps known or postulated to occur at the crack-tip grain boundary, i.e., grain-boundary
segregation of Ni and S, preferential oxidation of Cr and Fe atoms over Ni atoms by oxygen that diffuses
along the grain boundary, formation of a Cr—Fe spinel oxide ahead of the crack tip, formation of Ni— and
S—rich thin films and islands at the metal/spinel boundary, and melting or amorphization of the Ni- and
S—rich thin films and islands. The model also predicts that the thickness and morphology of the Cr oxide
that covers the crack-tip grain boundary strongly influence the rate of oxygen permeation and diffusion
along the grain boundary.

Crack growth rate tests have been conducted in BWR environments on austenitic SS weld HAZ
specimens that were irradiated to ~0.75 dpa at =288°C in a helium environment in the Halden boiling
heavy water reactor. The specimens were obtained from a Type 304L SS HAZ of the H5 SA weld of the
GG reactor core shroud and Type 304 SS HAZ of a laboratory—prepared SMA weld. The materials were
tested in two conditions: as—welded and as—welded plus thermally treated for 24 h at 500°C. For
nonirradiated material, under cyclic loading conditions that resulted in predominantly mechanical fatigue
(i.e., no environmental enhancement), experimental CGRs for the GG Type 304L weld HAZ were lower
than those for the Type 304 SMA weld HAZ. Thermal treatment of the material for 24 h at 500°C to
simulate low—temperature sensitization had little or no effect on mechanical fatigue growth rates.

In the high—-DO NWC BWR environment (i.e., with environmental enhancement), the cyclic CGRs
of laboratory—prepared Type 304 SS SMA weld HAZ are comparable to those of the GG Type 304L SA
weld HAZ. Also, thermal treatment of the material for 24 h at 500°C had little or no effect on mechanical
fatigue growth rates. For both the GG and the laboratory—prepared weld HAZ, irradiation to =0.75 dpa
appears to increase the CGRs marginally.

For nonirradiated GG Type 304L weld HAZ, the CGRs under constant load of as—welded and as—
welded plus thermally-treated material are comparable. For both conditions, the CGRs are a factor of =2
lower than the NUREG-0313 curve for sensitized SSs in water with 8 ppm DO. The SCC growth rates
for the as—welded Type 304 SS SMA weld HAZ were not obtained and those for thermally treated SMA
weld HAZ were not valid, e.g., the loading conditions did not meet the K/size criterion and fracture plane
was at 45° to the stress axis.

Irradiation to 5.0 x 1020 n/cm? (=0.75 dpa) increased the growth rates of all SS weld HAZ
materials. The CGRs of irradiated HAZ specimens are a factor of 2-5 higher than those predicted by the
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NUREG-0313 disposition curve for sensitized SSs in high-DO water. The fracture morphology for
irradiated Type 304 weld HAZ is similar to the nonirradiated material, e.g., fracture morphology is IG
under environmentally enhanced or SCC conditions, and TG under mechanical fatigue or conditions that
show little or no environmental enhancement. Reducing the corrosion potential of the environment
decreased the growth rates for all materials that were tested in the BWR environment.

6.3 Irradiation—Assisted Cracking of Austenitic Stainless Steel in PWRs

A comprehensive irradiation experiment in the BOR-60 sodium-cooled breeder reactor is under
way to obtain a large number of tensile and disk specimens irradiated under PWR-like conditions at
~325°C to 5, 10, 20, and 40 dpa. Irradiations to =5, 10, and 20 dpa at ~322°C during irradiation cycle
BORIS-6 have been completed. After irradiation, 48 tensile specimens and 166 disk specimens were
discharged; the SSRT specimens were irradiated to ~5 and 10 dpa and TEM disk specimens irradiated to
=5, 10, and 20 dpa. The specimens have been cleaned of sodium and are available for testing.

The available database on void swelling and density change of austenitic SSs was critically
reviewed. lrradiation conditions, test procedures, and microstructural characteristics were carefully
examined, and key factors that are important to determine the relevance of the database to PWR
conditions were evaluated. Most swelling data were obtained from steels irradiated in fast breeder
reactors at temperatures >385°C and at dose rates that are orders of magnitude higher than PWR dose
rates. These data cannot be extrapolated to determine credible void swelling behavior for PWR end-of-
life (EOL) or life-extension conditions. A limited amount of swelling data and information on
microstructural characteristics are available that were obtained from discharged PWR internals or steels
irradiated at temperatures and at dose rates comparable to those of a PWR. Based on that information,
swelling in thin-walled tubes and baffle bolts in a PWR is not considered a concern. PWR baffle
reentrant corners are most susceptible to high swelling rates, and hence, high swelling at EOL, especially
in limited regions where irradiation temperature is high. However, it is considered unlikely that void
swelling in a reentrant corner will exceed the threshold level of =4% beyond which the swelling rate
reaches the steady state rate of 1%/dpa. This estimation is only preliminary, and a more accurate
quantification of maximum temperature of reentrant corners is needed.

6.4 Environmentally Assisted Cracking of Alloys 600 and 690 in LWR Water

The resistance of Ni alloys to EAC in simulated LWR environments is being evaluated. Crack
growth tests are being conducted to establish the effects of relevant material, environmental, and loading
conditions on the CGRs of Ni alloys and their welds. During the current reporting period, CGR tests
were completed in the PWR environment on Alloy 600 from the D-B CRDM nozzle #3 and Alloys 82
and 182 from the nozzle-to—pipe weld of the V. C. Summer reactor. The results are compared with the
existing CGR data for Ni alloys and welds to determine the relative susceptibility of these materials to
environmentally enhanced cracking under a variety of loading conditions.

Crack growth tests on Alloy 600 removed from the D-B CRDM nozzle #3 were conducted in the
PWR environment at 316°C. The tensile properties, microstructure, and fracture morphology of the
nozzle material have also been characterized. The microstructure along the longitudinal plane of the
nozzle material is similar to that along the circumferential plane; the grain size varies from 30 to 200 um
with an average value of =75 um. The material appears to have good GBC of Cr-rich carbides and a few
Ti carbides randomly distributed in the matrix. The tensile strength of the alloy is comparable to the
typical value observed for thick—section Alloy 600 products; the average tensile yield and ultimate stress
were 274 and 548 MPa, respectively.
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For the D-B nozzle Alloy 600, the cyclic CGRs in PWR water show significant environmental
enhancement of growth rates. Although the results show considerable scatter, specimen orientation does
not seem to have any effect on CGRs. The cyclic CGRs in PWR water at 316°C may be represented by
the curve obtained for Alloy 600 in the NWC BWR environment at 289°C. Under constant load, the
CGRs of the nozzle alloy are a factor of 4-8 higher than the median curve for Alloy 600. The growth
rates correspond to ~95 percentile of the various data sets used in developing the median curve, i.e., the
nozzle material exhibits very high susceptibility to SCC. The material exhibits predominantly 1G
fracture, even during predominantly mechanical fatigue loading. A TG fracture is observed at the very
beginning of the test, i.e., near the machine notch, but, in most cases, it changes to |G fracture when the
first grain boundary is encountered.

Crack growth tests on the nozzle-to-pipe weld specimens from the V.C. Summer reactor were
conducted in a PWR environment at 320°C. A specimen each from the butter (Alloy 182) and the weld
(Alloy 82) has been tested to date. The results indicate that cyclic loading with high load ratios and long
rise times preceding the constant—load test initiates 1G fracture and ensures a relatively straight crack
front. Defects in the form of pores, cracks, and precipitates are present in the V.C. Summer alloys and
may impede crack propagation. The fatigue CGRs of both Alloy 82 weld and Alloy 182 butter from the
V. C. Summer weld spool piece are significantly lower than those typically observed for these alloys in
air. The SCC growth rates of the two alloys are also lower than the proposed CGR curve for nickel-alloy
welds. The relative susceptibility of the two alloys, e.g., Alloy 82 weld and Alloy 182 butter, to SCC
cannot be determined accurately because they were tested in different orientations.
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